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MEMO Number  NCCRTC-EFCL-0251  
DATE: 15 Feb 2006 
TO:  Iridium Ad Hoc Working Group  
FROM:  EFC LaBerge 
SUBJECT:  WP599 from AMCP WGA Meeting, Phoenix, January 1999 
 

At the AMCP WGA meeting in Phoenix in January 1999, the Working Group received WP599, 
which provided a comparison of the Iridium system, operated by Iridium, LLC, against the 
Acceptability Criteria established by WGA meeting in Brussels in the summer of 1998.  WP599 
is attached for consideration during the current deliberations about the "new" Iridium, operated by 
Iridium Space, LLC. 

I believe that, while much of the analysis and results reported in this working paper and its 
attachments are still applicable to the current Iridium AMS(R)S offerening, there are several 
caveats that should be noted. 

First,  Iridium (ILLC), has been completely reconstituted as ISLLC.  Therefore, any commitments 
on the part of ILLC should be completely reexamined for applicability.  

Second, AlliedSignal is no longer a corporate entity, and no longer enjoys a particular status with 
the new Iridium.  Any statements regarding commitments by AlliedSignal to specific avionics or 
ground system function will require reverification with its successor company, Honeywell.  This 
working paper provides no such commitments. 

Third, there are several items for which ensuing technical developments have refined the 
processes, or for which specific assumptions have been developed since the original release of 
WP599.  There are three examples of particular note.  First, the new Iridium services include a 
short burst data service that was not considered in WP599.  Second, the work of RTCA SC-202 
and RTCA SC-159, Working Group 6 has established new, more stringent, standards for 
assessing interference to on-board equipment than the methodology used in WP599, Attachment 
1.  Third, Eurocontrol and FAA work on various Future Communications Study efforts have 
resulted in traffic models for voice and data services in continental and remote airspace that could 
impact the details of WG599. 

Finally, WP599 specifically addresses the AMCP WGA Acceptability Criteria, which the ACP 
WG Iridium has decided are not specifically applicable to our current efforts.  However, many of 
the quantitative parameters in the acceptability criteria and addressed by WP599 also appear in 
SARPs.  Therefore, I believe that WP599 and its attachments still form a reasonable first order 
assessment of Iridium performance, and could certainly serve as a foundation for enhanced 
analysis.  
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SUMMARY 
 

WGA/13, meeting in Brussels in July 1998, assigned a subgroup to develop a set of 
acceptability criteria for Next Generation Satellite Systems (NGSS) and to upgrade the 
first draft high level generic SARPs presented in Working Paper 540b. The subgroup 
report is detailed in AMCP/WGA-WP/577, presented during WGA/14.  The current 
paper summarizes the compliance of the Iridium Aeronautical System with the draft 
Acceptability Criteria established in WP577. 
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1  Introduction 
1.1  Working Paper AMCP/WGA-WP/577 presents the a portion of the report of the 
Acceptability Criteria and SARPs Drafting Subgroup.  WP577 includes a matrix containing 
twenty eight criteria by which an NGSS system can be judged to be acceptable for AMS(R)S use.  
Once acceptability has been established, AMCP can be requested to authorize preparation of 
SARPs for such a system. 
 
1.2   Table 1 presents the Acceptability Matrix of WP577 filled out with specific references to 
material that supports the ability of the Iridium Aeronautical System to meet the acceptability 
criteria.  References are supplied to material submitted to WGA/13 and WGA/14, as well as to 
information included as attachments to the current paper. 
 
2  Discussion 
2.1 The Iridium Personal Communications system launched its first satellite in May 1997 and 
completed a full constellation of 66 operational satellites in May 1998.  The system became 
operational in late summer 1998, and entered commercial service on November 1, 1998 with a 
full constellation of 66 satellites and 6 on-orbit spares.   
 
2.2 The first telephone call using and engineering model of AES equipment was completed early 
in October 1998.  Orders for single channel voice capable AES equipment have been received, 
with production on schedule for delivery during the first quarter of 1999.   A series of 
demonstration flights was provided to WGA/14 members during the Phoenix meeting.  Software 
upgrades to support the Priority, Precedence and Preemption capabilities required for AMS(R)S 
service will be uploaded to the space vehicles in early summer 1999.  
 
2.3 As AlliedSignal moves forward with production of early AES equipment and the design and 
qualification of more advanced AES design, Iridium and Motorola are constantly adjusting the 
constellation to achieve optimum performance.  Quantitative performance parameters, such as 
call setup delay and circuit reliability have improved markedly as the operators accumulate 
experience in controlling the constellation and associate ground infrastructure.   
 
2.4 All of these events indicate that the Iridium Personal Communications System and Iridium 
Aeronautical System are functional and have moved beyond theoretical promises to real world 
performance.  Several of the acceptability criteria, however, have not been thoroughly verified, 
but are amenable to analysis based on the partial results available to date.  This paper includes 
such analyses as well as references to on-going testing. 
 
3 Recommendation 
3.1 The Iridium Aeronautical team of Iridium, Motorola and AlliedSignal request that WGA/14 
review the information submitted in Table 1, the performance demonstrated to WGA/14 members 
by informal flight tests, the draft MOPS of WP600, and the commitments contained in WP602.  
Evaluating the total of this information, we request that WGA/14 find the Iridium Aeronautical 
Service to be acceptable for AMS(R)S and to recommend that AMCP/6 authorize fast track  
efforts on appropriate SARPs material.
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Table 1: Acceptability Criteria Working Table 
 

Ref Criterion Acceptability Level 

Low Density Airspace Applications  

Candidate System Compliance 

 Criteria Related to Institutional Issues of Coverage and 
Service 

  

A Comply with the Radio Regulations of ITU and benefits 
from Radio Regulation protections for AMS(R)S. 

Operating spectrum  recognized as 
AMS(R)S  

(The details of this issue applying to both 
the current AMSS and any NGSS are still 
under consideration by WGA as a whole 
and WGF) 

Reference ITU footnote old 743 

B Ensure Priority, Precedence and Preemption  of 
AMS(R)S  consistent with ITU and SARPs requirement 

Inspection/Analysis of P3 implementation  

 

WP-598 

C Supplies AMS(R)S Service on non-discriminatory basis 
to all ATS/AOC organizations 

Written commitment from satellite and/or 
subnetwork service provider    

Iridium/AS commitment letter, 
WP602 

D Commits to long term provision of AMS(R)S  Written commitment by the service 
provider to have the service available for 
a period of at least 6 years after initial 
operating capability for AMS(R)S is 
declared by the service provider, and to 
provide 3 years written notification in 
advance of any cessation of service.     

Iridium/AS commitment letter, 
WP602 

E Commits to the backward compatibilty of future 
technology transitions 

Written commitment from the service 
provider that current technology  will be 
supported for at least 3 yr, and that at 
least 3 yr notification will be provided on 
any technology enhancement which could 
require changes in ground or avionics 
infrastructure.     

Iridium/AS commitment letter 
WP602 
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Ref Criterion Acceptability Level 

Low Density Airspace Applications  

Candidate System Compliance 

F Demonstrated commitment of service provider  to 
international and national standards development and 
approval process.   

Active participation and disclosure of 
design and operational details in 
recognized regulatory and advisory  fora, 
including  ICAO,   RTCA , EUROCAE etc.  

WP 539, WP540, ACSD 
Subgroup, Validation Subgroup, 
RTCA WG-1 MOPS preparation, 
RTCA WG-3, CEPT, ETSI 

G Provides necessary documentation to regulatory and 
user community.  

Written commitment by service provider 
and satellite system operator.to provide 
necessary documentation during the 
regulatory process.  

Iridium/AS commitment letter, 
WP602 

H 
Provides non-discrimatory access to necessary 
communications technology 

Written commitment of service provider/ 
avionics supplier/ satellite network 
operator to comply with patent policy 
established by AMCP/4 and AMCP/5. 

Iridium/AS commitment letter, 
WP602 

I Provide near global coverage SARPs GM, 7.2.1.1.1 – declared by 
Service Provider 

WP/536:  Inmarsat > 95%, corresponding 
to coverage between +72o latitude 

100% 

WP-539, presented in Brussels 

 Criteria Related to Protection of Existing 
Communications, Navigation and Surveillance Services

  

J Control emissions so as to preclude  interference with 
existing communications  navigation, and surveillance, 
systems, 

1) Detailed analysis has been provided 
to WGA regarding, at a minimum, the 
items listed below.  ; and 

2) Existence of a Draft MOPS or TSO or 
equivalent regulatory documentation 
covering the installation and required 
interference envirnoment.   

WP-597, updated verision of SC-
165/WG3-WP/532, having been 
harmonized with Delrieu & 
Chesto 

  1) NGSS aircraft-to-space-vehicle  emissions shall not 
interfere with GNSS equipment operating in 1559-1605 
MHz when the GNSS equipment is on the same aircraft or 

Analysis covering applicable ICAO 
GNSSP interference levels at the GNSS 
receiver.  

WP-597 
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Ref Criterion Acceptability Level 

Low Density Airspace Applications  

Candidate System Compliance 

on aircraft operating in the same airspace 

  2) NGSS aircraft-to-space-vehicle emissions shall not 
interfere with the operation of other AMS(R)S SATCOM 
equipment located on other aircraft operating in the same 
airspace. 

Analysis indicating that the system 
emissions do not exceed applicable 
susceptibility levels as established in the 
current ICAO AMSS SARPs and in ITU 
M.1234 

WP-600, Draft 4.3 of Iridium 
MOPS 

Attachment 1. 

 

  3)  NGSS aircraft-to-space-vehicle emissions shall not 
interfere with other non GNSS communications and 
navigation and surveillance equipment operating on the 
same aircraft or on aircraft operating in the same airspace 

Analysis covering applicable ITU and 
ICAO susceptibility of ILS, VOR, VHF 
Comm, VDL, UHF Comm, DME, TCAS 
and Mode S, Radio Altimeters, MLS. 

WP-600, Draft 4.3 of Iridium 
MOPS 

Attachment 1 

K Exhibit protection against harmful interference  from 
existing communications, navigation and surveillance 
systems. 

1) Detailed analysis has been provided 
to WGA regarding, at a minimum, the 
items listed below.  ; and 

2) Existence of a Draft MOPS or TSO or 
equivalent regulatory documentation 
covering the installation and required 
interference envirnoment.   

WP-600, Draft 4.3 of Iridium 
MOPS 

 

1) the NGSS shall operate as designed in the 
presence of in-band interfering signals from other out-
of-band communications, navigation or surveillance 
systems on the same aircraft or on other aircraft in 
the same airspace in its space-vehicle-to-aircraft 
band which result in a total ΔT/T of [25%] or less, with 
no more than [6%] attributable to any single system. 

Analysis indicating compliance with ITU 
M.1234, i.e.,  immunity to total 
interference causing ΔT/T of 25% and 
immunity to interference from a single 
source causing ΔT/T of 6% has been 
included in the system design. 

Link budgets supporting this 
performance contained in WP-
539, presented in Brussels 

Attachment 2 

2) the NGSS shall operate as designed in the 
presence of high level out of band  interference 
generated by communications, navigation or 
surveillance systems on the same aircraft or on other 
aircraft in the same airspace, or from ground 

Analysis indicating compliance with 
SARPs 4.2.3.4.2  "typical of normal 
operating conditions" 

Analysis indicating compliance with GM 

Attachment 2 
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Ref Criterion Acceptability Level 

Low Density Airspace Applications  

Candidate System Compliance 

installations transmitting into the same airspace. 2.4.4.1:  example of +3 dBW/m2 at 
antenna, UHF frequencies 

 Analysis indicating compliance with 
MOPS 2.2.4.1.4:  +3 dBm at receiver 
input, 470-1450 MHz & 1660.55-18000 
MHz; scaling linearly in dB to in-band 
edges Shall withstand –27 dBW CW 
signal outside of receive band +75 MHz. 

 

 Criteria Related to Standardization of Communications 
Interfaces to Aircraft and Ground Services 

  

L Supports standard inputs and outputs to the ATS/AOC 
provider 

  

      1) data  ATN subnetwork complying with SARPs 
4.7:  ISO 8208 and J/L event 

WP-600, Version 4.3 of draft 
Iridium MOPS 

      2) voice  Supports internationally standardized 
telephony interfaces. 

WP-539 

M Supports standard inputs and outputs to the aircraft 
systems and pilots 

  

      1) data  ATN subnetwork complying with SARPs 
4.7:  ISO 8208 and J/L event 

WP-600, Version 4.3 of draft 
Iridium MOPS 

      2) voice  Provides standardized analog voice 
interfaces. 

[ still open ] 

N AMS(R)S supply certain minimum functionality, 
consisting of either data services or voice services, or 
both, which meet the following criteria 
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Ref Criterion Acceptability Level 

Low Density Airspace Applications  

Candidate System Compliance 

 1) data service GM 7.2.2.7: >35 bps user rate at D/U 
priority, 128-octet packets 

Attachment 3 

      2)  voice service SARPS 4.8.5:  defined algorithm 

 (new vocoder validated as "statistically 
equivalent") 

MOPS:  statistically equivalent to existing 
SATCOM vocoder  meeting the criteria 
established by RTCA SC-165 in 
approving the 4.8 kbps Aero I vocoder.  

 

Quantitative evaluation not yet 
performed.  RFP for vocoder 
testing released 1/5/99, 
responses received 1/18/99. 

Qualitative in turboprop high 
noise environment demonstrated 
to WGA/14 by means of audible 
test file. 

 Criteria Related to the Technical Performance of the 
Candidate System to Ensure Suitability for AMS(R)S 

Applications 

  

 Meets key AMS(R)S performance parameters   

O     Connection Establishment Delay SARPs 4.7.2.2:  70 seconds 12 second 95-%ile A/G, 35 
seconds 95-%ile G/A 

Attachment 3 

P     Voice Call Establishment Delay (95%)   

 1) Air to Ground GM 8.8.3:  23 seconds, 95% (using 
abbreviated procedure) 

12second 95-%ile 

Demonstration at WGA 

Attachment 3 

 2) Ground to Air GM 8.8.3:  17 seconds, 95% 22 seconds 95-%tile 

Attachment 3 
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Ref Criterion Acceptability Level 

Low Density Airspace Applications  

Candidate System Compliance 

Q     95% transfer delay for 128 octets   

            1) Aircraft to Ground, 128 octets, D/U priority SARPs 4.7.2.2:  80 seconds estimated 12 seconds 95-%tile @ 
600 bps net user data rate if 
circuit setup required 

2 seconds 95-%tile @600 bps net 
user data rate, no call setup 

 See Attachment 3  

             2) Ground to Aircraft, 128 Octets, D/U priority SARPs 4.7.2.2:  15 seconds estimated 22 seconds 95-%tile at 
current time not including 
terrestrial dialing and call setup. 

R    Voice transfer delay SARPs 4.8.4.2:  <0.485 second 390 ms max, from WP-539.  
Qualitative experience of calls 
roughly confirm this value. 

See Attachment 4. 

S    Integrity(Residual Packet Error Rate)   

       1 )  Air to Ground SARPs 4.7.2.3:  <10-6 residual error rate, 
128 octet packet  

See SC-165/WG3-WP/ 528  

Attachment 5 

       2 ) Ground to Air SARPs 4.7.2.3:  <10-4 residual error rate, 
128 octet packet 

See SC-165/WG3-WP/ 528  

Attachment 5 

T Maximum aircraft speed, ground speed    750 kt  (derived as a component of 
SARPs 4.2.3.4.5) 

See SC-165/WG3-WP/531 

Attachment 6 
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Ref Criterion Acceptability Level 

Low Density Airspace Applications  

Candidate System Compliance 

U Performance monitoring in support of ATN and flight 
standards 

4.7.1.1.1 (new) requiring Connectivity 
events. 

WP-600, draft 4.3 of Iridium 
MOPS 

V Selective Addressing SARPs, Appendix 3, Item 3 requiring 
ICAO 24 bit addressing 

WP-600, draft 4.3 of Iridium 
MOPS 

 Criteria Not Specified in AMSS SARPs   

W Provides security against the following unauthorized 
activities  
   

 Overall level of security at equivalent to 
or better than current AMSS SARPS 
system. 

See qualitative analysis in WP565

X  Automatic log on System design permits automation of all 
required log on functions without pilot 
intervention.   

Iridium system modifications to 
GSM-based mobile terminal 
registration, WP-539 

Y Unrestricted  access for distress/urgency 
communications   

Written commitment by service provider.   Iridium/AS commitment letter, 
WP602 

Z Provides details on the design & documentation 
standards followed in designing the NGSSs 

Written description of relevent standards 
from service/system design.   

Iridium/AS commitment 
letter,WP602 

AA Provides additional monitoring of system 
performance over and above the join/leave events 
described in current SARPS 

Additional monitoring of 1) transfer delay 
and 2) long term availability over 
appropriate integration times   

[ still open ] 
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 Attachment 5 
Analysis of Iridium Packet Data Integrity 

1  Introduction 
1.1  Acceptance Criteria S1 and S2 of WGA/14 WP-577 requires that candidate systems 
provide high integrity packet data service to AMS(R)S users.  This attachment includes 
the text of RTCA working paper SC-165/WG3-WP/528 which addresses this issue.  This 
working paper was reviewed by RTCA SC-165, Working Group 3 on System 
Performance, and endorsed by that committee for consideration by WGA. 
 
1.2   This attachment provides analytical evidence that the Acceptance Criteria are satisfied by 
Iridium AES equipment that is compliant with the Motorola Multi-Transceiver Unit Air Interface 
Specification (MXU-AIS).  This document is heavily referenced by the draft MOPS under 
preparation by SC-165 WG-1, and presented to WGA/14 as WP-600.   
 
1.3   Although Motorola has performed initial tests of packet data transfer through the Iridium 
constellation, the capability to perform this operation from a production mobile terminal, 
including early production AES equipment, is not yet implemented in the space vehicle software.  
The update to the space vehicle software is expected by late spring 1999, months in advance of 
data-capable AES equipment. 
 
1.4    The residual packet error rates required by Criteria S1 and S2 are so small that they will 
require between 1000 and 62,000 hours of testing to verify through testing.  Therefore, for the  
foreseeable future the analysis will be the principal source of performance verification. 
 
2 Discussion 
See the attached paper, SC-165/WG3-WP/531. 
 
3 Recommendations 
3.1   RTCA SC-165, Working Group 3 endorses this paper for consideration by ICAO 
WGA in its assessment of the acceptability of the Iridium Aeronautical System for 
AMS(R)S services. 
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SC-165/WG3-WP/528a 
 

MEMO Number  IRIDIUM-EFCL-0134a 
DATE: 11 January 1999 
TO:  Iridium Systems Engineering File   
FROM:  E.F.C. LaBerge 
SUBJECT: Integrity of AMS(R)S Packet Data Messages via Iridium 
 
Introduction 

The integrity of a communications system can be defined as the probability that 
the system does not provide erroneous information to external users of the system.  From 
the point of a satellite communications systems operating in an aircraft, this means that 
the data stream at the output of the AES in the direction of on-board users and the data 
stream at the output of GES in the direction of terrestrial users must be virtually error 
free.  The current AMSS SARPs define this condition of "virtually error free" as a 
residual packet error rate of less than 10-6 in the "from-aircraft" direction and 10-4 in the 
"to aircraft direction". 
 

The Iridium1 Aeronautical System complies with both requirements. 
 

Description 
In the Iridium Aeronautical System, digital information, including both digitized 

voice and user-generated packet data, is transferred between the AES and GES in 414 bit 
bursts.  For data bursts, 102 bits are for used for  preamble and link control overhead, 56 
bits are for the IRIDIUM Radio Link Protocol (IRLP) overhead used to deliver data, 8 
bits are overhead bits for the IRIDIUM Layer 2 Relay (I-L2R) Protocol Data Units 
(PDUs), and 248 bits (31 octets) are user bits.  The 56 bits of of IRLP overhead include a 
24-bit Frame Check Sequence or FCS.  All data is transmitted at a rate of 50 kbps.  Thus, 
each 8.28 ms frame of 414 bits can transfer 248 bits of Air-to-Ground Protocol data. 
 

The GES verifies the payload data with the FCS before it is passed to an external 
user.  If the checksum is not passed, the IRLP automatically retransmits the incorrect data 
until it is correctly received.  Thus the internal Iridium protocols act as a Reliable Link 
Service. All of this activity is within the Iridium subnetwork, and is not subject to 
manipulation by either aeronautical or ground equipment associated specifically with the 
Iridium Aeronautical Services. 
 

The Air-to-Ground protocol is a "sub-layer" within the Satellite Sub-Network 
Dependent Protocol (SSNDP) layer of the ISO stack that permits an aeronautical-specific 
entity within the AES to communicate directly with its peer within GES and vice versa.  
This permits data entering and exiting the Iridium system to be isolated from aero-
specific requirements, except for the provision of P3.  The Air-to-Ground Protocol, or 
AGP provides the mechanisms for controlling a number of 248 bit-packets transmitted by 

                                                 
1 Iridium and IRIDIUM are service and trademarks of Iridium, LLC.  AIRSAT is a trademark of 
AlliedSignal, Inc. 
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the lower level Iridium protocols as a single logical entity. Each such AGP data unit 
(AGPDU), consisting of multiple 248-bit Iridium frames, contains its own 16-bit 
checksum. 
 

User data is packed into the AGP by the AES or GES, depending on the data 
source, and unpacked from the AGP by the GES or AES.  Thus each 128 octets of user 
information is protected by not one but two error detection mechanisms.  Each 248 bits is 
protected by the Iridium FCS, while the entire AGPDU is protected by the 16-bit 
checksum. 

 
Analysis 

For an error to exist in the data output from the AGP to the user interface, two 
events must happen.  First, an 248 bit Iridium PDU must pass the 24-bit FCS and be 
passed to the AGP as correct.  Second, the erroneous Iridium PDU must be correctly 
assembled into an AGPDU, and the resultant AGPDU must pass its own 16-bit 
checksum, despite the fact that at least one of the Iridium PDUs is in error.  Because the 
FCS and AGP check sum designed using separate checksum philosophies, the two events 
are independent.  Therefore, the combination of events is extremely unlikely, as will now 
be demonstrated. 
 

Consider the standard 128-octet user message defined as the standard by the 
current AMSS SARPs.  This message contains 128 x 8 = 1024 user information bits, and 
requires 
 

EQ.  1  240 8
248

5×L
MM

O
PP =  Iridium PDUs, 

 
where  indicates the "least integer greater than" function. 
 

The probability that all 5 Iridium PDUs are transmitted without error is: 
 

EQ.  2  Pr{ ( )no error in 5 PDUs}  = −1 5pPDU , 

where pPDU is the probability that a single PDU is in error.  Because of the 24-bit FCS, a 
simple approximation of pPDU  is: 
 

EQ.  3  pPDU
N≈ = = ×− − −2 2 5 96 1024 8.  

 
Using EQ.  2, we can find the probability that any errors occur in the 5 PDU message as: 
 

EQ.  4 

 
Pr{ Pr{

) . .

any error in 5 PDUs} 1- no error in 5 PDUs}

(1- 5.96 10-8

=

= − × ≈ × × = ×− −1 5 5 96 10 2 98 105 8 7
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An expression similar to EQ.  3 applies to the AGP checksum as well.  Thus, the 
probability of erroneous data passing the AGP checksum is: 
 

EQ.  5  pAGP
N≈ = = ×− − −2 2 1 53 1016 5.  

 
Thus, the probability of both an erroneous data transmission via the Iridium protocol and 
an erroneously valid AGP checksum is: 
 

EQ.  6  p pERROR AGP= × = ×Pr{any error in 5 PDUs}  4.55 10-12  

 
Because the Iridium-based Air-Ground and Ground-Air links are entirely symmetric, the 
residual packet error rate, pERROR, given in EQ.  6 applies in both directions. 
 
 This predicted performance provides several orders of magnitude of margin over 
the requirements of the current AMSS SARPs.  This large margin is appropriate at this 
time, before any extensive experience with Iridium packet data transfer has been 
developed. 
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 Attachment 4 
Analysis of Iridium Voice Call Delay 

1  Introduction 
 
1.1  Acceptance Criterion R of WGA/14 WP-577 requires that candidate systems provide 
voice call delays on of 485 ms or less in each direction.  This attachment presents a 
simplified analysis of the performance of the Iridium Aeronautical system with respect to 
this metric.  The analysis is based on a combination of draft SARPs requirements and 
satellite geometry derivable from the FCC License application. 
 
1.2   The Iridium constellation consists of 66 satellites, with eleven satellites occupying each of 6 
orbital planes.  The eleven satellites are evenly spaced within the planes.  Once call-setup is 
complete, an Iridium voice call passes from the AES to the nearest satellite, then by intersatellite 
cross links  around or across planes, as appropriate, and finally from a satellite down the the earth.  
For calls that terminate in an Iridium mobile terminal, this final link is an L-band link.  For calls 
that terminate in the PSTN or private network, the final link is a K-band link.  In either case, a 
voice call requires one uplink, one downlink, and up to eight crosslinks.  Eight crosslinks are 
sufficient to move the signal around 1800 , i.e. to reach the point on the Earth's surface antipodal 
to the user. 
 
1.3  We will estimate the delay by assuming the worst-case AES and GES vocoder delays of 125 
ms, worst case uplink delays corresponding to satellites low on the horizon, and worst case cross-
link delays between satellites separated by an Earth centered angle of 32.8o.  This separation 
corresponds to the separation between two consecutive satellites in the same plane, and is larger 
than the maximum separation of 31.7o between orbital planes. 
 
2  Discussion 
 
2.1    The maximum range, ρ ,  to a satellite at an elevation angle of β is derived in Appendix B 
of Attachment 6 to this working paper as: 
 

ρ
β

β β= F
H

I
K −

L
NM

O
QP

−R r
Rcos

sin cos cos1 ,  

 
where r is the Earth's radius and R is the orbital radius, assuming a circular orbit.  Given 
the lowest line-of-site elevation angle provided by the Iridium is approximately 8o, as 
detailed in WP-539, and with the value of r = ×6 38 106. meters , and 
R r= + ×770 000, m = 7.15 10  m6 , we have ρ = ×2 46 106.  m , and the uplink and 

downlink transit times are τ τ ρ
u d c
= = = × −8 21 10 3.  sec .  Similarly, the direct crosslink 

path between two satellites separated by 32.8o is: 
 

ρ θ
CL R= = × × × = ×2

2
2 715 10 4 04 106 6sin ( . .m) sin 32.8

2
 m.

o
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2.2    The associated crosslink time is: 
 

τ ρ
CL

CL

c
= = × −1346 10 3.  sec.  

 
2.3    The total one-way voice transfer delay is then: 
 
τ τ τ τ τ τv UL DL CL AES GESN= + + + +

= + + × + + × −( . . . )8 21 8 21 8 1346 125 125 10 3  sec
= 374.1 msec

 

 
This value compares well with the very informal measurements conducted during an 
Iridium demonstration call at the December meeting of RTCA SC-165, WG-1.  It also 
compares well with the two way delay estimated during demonstration flights. 
 
3  Recommendation 
 
3.1  The Iridium Aeronautical team of Iridium, AlliedSignal, and Motorola request that WGA 
consider this attachment when considering the acceptability of the Iridium Aeronautical system 
for AMS(R)S communications.   
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 Attachment 3 
Analysis of Iridium Aeronautical Setup, Connection, and Throughput Metrics 

 
1  Introduction 
 
1.1  Acceptance Criteria N, O, P, and Q of WGA/14 WP-577 require that candidate systems meet 
certain standards in call setup, system connection, and end-user throughput.  In each case, these 
metrics are established by the current SARPs.   
 
1.2  This attachment presents a simplified analysis of the performance of the Iridium Aeronautical 
system with respect to these metrics.  The analysis is based on a combination of draft MOPS 
requirements, system performance levels as described to WGA/13 in WP-539, and a very limited 
set of measured data from on-going flight tests. 
 
1.3  Most of the metrics in question involve the transmission of packet data .  As noted in WP-
539, the Iridium Communications System is primarily designed around GSM-based circuit-mode 
communications.  Aeronautical packet data will be transferred by establishing a circuit and 
transmitting all pending data packets via that circuit.  Therefore,  worst case throughput rates 
must include the establishment of a data circuit, although best case  throughputs can assume use 
of a pre-existing circuit.  After a predetermined interval during which no data is transmitted, the 
circuit will be released.  
 
1.4  Despite the similarities between this method of providing packet data and conventional 
circuit mode data, such as fax and modem emulation, the packet data and circuit data functions 
are fundamentally different.  The acceptability criteria address only packet data, as does this 
analysis. 
  
2  Discussion 
 

2.1  Call Setup Time, TSU 

2.1.1  As explained to WGA/13 in WP-539,  IRIDIUM aeronautical packet data services operate 
over an IRIDIUM circuit. Therefore, there are two major random components that contribute to 
transfer delay:  call setup time and effective channel throughput.  Of these components, the call 
setup time is the dominant factor.  For an AES, call setup time is determined by the availability of 
local and satellite resources, and the quality of geolocation information available to the 
registration/access processing described earlier.  WP-539 reported call setup times in both 
directions in the 17-20 seconds at the 95th percentile.  These estimates of performance were based 
on Motorola simulations of system performance under conditions of heavy system load and non-
existent geolocation information.  They do not include allocations for the initial international 
telephone conversation to initiate the Ground-to-Air communications and they do not account for 
implementation of the Priority, Precedence and Preemption mechanisms discussed in WP-598. 
 
2.1.2   Actual performance of call setup in the Air-to-Ground direction using early AES 
equipment has been significantly better than this simulated performance.  Typical performance is 
running 5-8 seconds, as demonstrated to WGA/14 during SabreLiner test flights.  Although this 
connection delay is characteristic of an unloaded constellation, we believe that it is near that to be 
expected by AMS(R)S service using Acquisition Class 14. 
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2.1.3  Actual call-setup performance in the Ground-to-Air directions using early AES equipment 
has been significantly worse than that predicted in WP-539.  Current measurements indicate a 
98th percentile value of approximately 35 seconds.  This value, however, includes terrestrial call 
setup time, which can be conservatively estimated at 10 seconds.   
 
2.1.4   For the purpose of this analysis, we will use a value of  22 seconds as a typical 95th 
percentile for call connection delay, realizing that this is based on assumed PSTN connection 
delays which do not apply to safety communications.  Further data collection is in progress to 
better establish the factors influencing the current measurements.   
 
2.1.5   Iridium is still a new service, with initial commercial activation on November 1, 1998.  
Motorola continues to tune constellation performance with the goal of improving customer 
metrics such as call setup time.  Progress will continue to be monitored. 
 
2.1.6   In summary, current measurements support a value for Ground-to-Air call setup delay of 
22 seconds, slightly larger than the  value given in WP-539.  Current measurements also support a 
value for Air-to-Ground delay of approximately 12 seconds, significantly less than the value 
given in WP-539. 
 

2.2  User Packet Data Rate, fpd 
 
2.2.1   Iridium packet data services are designed to provide typical user throughput of 2400 bps 
over a wide range of satellite parameters and propagation environments.  This performance is 
supported by the link budgets previously presented in WP-539.  Current measurements on the 
constellation indicate that actual performance is better than the assumptions made in the link 
budgets. 
 
2.2.2   Under worst case interference and multipath environments, the net user throughput using 
Iridium packet data will gracefully degrade to about 600 bps.  This degradation in performance is 
supported by the link budgets in WP-539.  The rapidly changing nature of LEO geometry ensures 
that such degraded service will be of only limited duration.  
 
2.2.3   Although packet data test calls have been performed by Iridium LLC and Motorola 
engineers, the full suite of software supporting packet data operations has not yet been loaded in 
the satellites,  Therefore, measured performance on Iridium packet data service is not yet 
available. 
 
2.2.4   In summary,  Iridium packet data services will provide typical net user throughput rates of 
2400 bps, with graceful degradation to 600 bps, worst case. 

2.3   Compliance With Acceptability Criteria 
 
2.3.1   This section uses the values presented in the previous paragraphs to demonstrate 
compliance with Acceptability Criteria N, O, P, and Q. 
 
Criterion N1:  End user data rate >35 bps for Distress/Urgency Communications 
 
2.3.2 Given the values for TSU  and fpd,  and the defined packet length of 128 octets, or N=1024 
bits: 
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F N

T N
fSU

pd

=
+( )

 

 
where F is the end user throughput in bps.  Because the link budgets presented in WP-539 support 
2400 bps data transfers under more than 99% of link conditions, fpd=2400 bps. 
 

F =
+

=
1024

22 1024
2400

45 7
( )

.  bps , typical 95% throughput, assuming call setup is required. 

 
2.3.3  If no call setup is required, the rate is 600 bps worst case and 2400 bps 99th percentile. 
 
2.3.4   Eventually, we will be able to compute a true 95th percentile value based on the fact that 
some percentage of the D/U calls do not require call setup.  If this percentage is as small as 1%, a 
sample computation shows: 
 
F95 0 99 45 7 0 01 2400 69 2= × + × =. . . .  bps . 
 
2.3.5   For specific applications where such delay is unacceptable, it is always possible to open a 
data circuit and leave it open for D/U communications.  In this case, the sustained end user 
throughput is 2400 bps. 
 
2.3.6   The Iridium Aeronautical System complies with Criterion N1. 
 
Criterion O:  Connection establishment delay < 80 seconds. 
 
2.3.7  Even taking the worst case measured data available to date, which indicates 35 seconds 
G/A including PSTN time, the connection establishment delay is well within the required 80 
seconds. 
 
2.3.8   The Iridium Aeronautical System complies with Criterion O. 
 
Criterion P:  95% Voice Call Establishment Delay 22 second A/G, 17 seconds G/A 
 
2.3.9  As noted above, the Iridium communications system is currently achieving 12 seconds A/G 
and 22 seconds G/A.  Although the G/A term is slightly longer  than the acceptability criteria, it is 
comparable to the A/G requirement in the current SARPs.  The actual A/G value is considerably 
better than the current SARPs.  The average value of A/G and G/A delays currently achieved by 
Iridium is 17 seconds, less than the corresponding average of the SARPs values.   
 
2.3.10  This performance is obtained without special rapid access provisions. 
 
2.3.11   The Iridium Aeronautical System offers equivalent performance to the current SARPs, 
and should be judged acceptable in this regard. 
 
Criterion Q: 95% Transfer Delay for 128 Octets, 80 seconds A/G, 15 second G/A 
 



 
Attachment 3 to WGA/14 WP-599  Page 3-4 
 
2.3.12   The time to transfer 128 octets can be computed using the values of TSU and fpd used 
above.   
 

T T N
ft SU

pd

= + . 

 
If a circuit must be established, TSU=12 seconds A/G, =22 seconds G/A. 
 
2.3.13   With the RF link budgets given in WP-539 supporting 2400 bps operations more than 
99% of the time, fpd = 2400 bps.  Thus 
 

T

T

t

t

= + =

= + =

12 1024
2400

12 4

22 1024
2400

22 4

.

.

 sec,  A / G

 sec,  G / A
 

 
Therefore, the Iridium Transfer Delay in the Air-to-Ground direction is only 16% of the SARPs 
time, while the Ground to Air Transfer delay is approximately 50% greater than the current 
SARPs requirement if call setup is required.   
 
2.3.14   If call setup is not required, the transfer delay is 0.4 seconds. 
 
2.3.15  These times are not expected to change significantly with constellation loading due to the 
priority and preemption mechanisms discussed in WP-598.    These times are expected to 
decrease as constellation operations improve. 
 
2.3.16 The Iridium Aeronautical System offers equivalent performance to equipment compliant 
with the current AMSS SARPs, and should be judged acceptable in this regard. 
 
3  Recommendation 
 
3.1  The Iridium Aeronautical team of Iridium, AlliedSignal, and Motorola request that WGA 
consider this attachment when considering the acceptability of the Iridium Aeronautical system 
for AMS(R)S communications.  When considering these results, which are based on the first 
three months of commercial operations, WGA should recognize the continued effort now being 
expended to tune and improve constellation performance. 
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 Attachment 2 
Simplified Analysis of Iridium AES Susceptibility to Emissions from Other Common 

CNS Equipment 
 
1  Introduction 
 
1.1  Acceptance Criterion K of WGA/14 WP-577 requires that candidate systems indicate that system 
operate as designed in the presence of in-band interfering signals from other CNS systems on the same 
aircraft or in the same airspace, subject to the ITU M.1234 interference levels, and operate with high 
level out-of-band interferors, subjects to the current SARPs provisions.  Furthermore, Criterion K 
requires existence of draft MOPS and/or TSO documentation covering installation in such an 
environment. 
 
1.2  This attachment presents a simplified analysis of the effects of on-board emissions from common 
CNS equipment, thus satisfying the first requirement for acceptability.  The second requirement is 
satisfied by WGA/14 WP-600, which presents the draft MOPS applicable to Iridium Aeronautical 
System AESs. 
 
2  Discussion 
 
2.1  The analysis of susceptibility is more difficult than the analysis of emissions performed in 
Attachment 1 to WP-599.  A complete analysis of the susceptiblity requires that details of the 
operating parameters of other CNS equipment are known and properly accounted for.  Although this 
analysis is underway, the details are not sufficiently mature to present at this time. 
 
2.2  Nevertheless, real-world operating experience in a relatively small aircraft equipped with a full 
range of modern CNS equipment indicates that the early Iridium AES equipment is not susceptible to 
such interference.  The AlliedSignal SabreLiner used to conduct the flight demonstrations during 
WGA/14 is equipped with VHF Comm, DME, TCAS, and Mode-S equipment.  No interference 
effects on Iridium AES operations have been detected or reported during hundreds of flight hours of 
testing.  This performance has been achieved despite the small separation of antennas on the fuselage, 
as demonstrated to the members of WGA/14 during the flight tests.  Therefore, it is reasonable to say 
that no significant interference issue exists with the listed equipment. 
 
2.3  The Iridium Aeronautical System has been designed to cope with in-band interference from other 
MSS systems in excess of that required by M.1234.  Support for this design is contained in the detailed 
system link budgets presented to WGA/13 in WP-539. 
 
2.4  There are, however, two potential interference problems which have been identified.  First, older 
VHF Comm equipment may emit sufficient harmonic energy at the 11 and 13 harmnics to impact 
Iridium operations.  Although this type of interference has not been observed in early tests, it is 
nevertheless a potential issue to Iridium AES equipment in much the same way it is a potential issue to 
existing Inmarsat equipment.  The solution in both cases is the same.  A low cost in-line low-pass filter 
with cutoff at approximately 500 MHz can be installed at the input to all VHF Comm antennas without 
affecting VHF performance.  This filter may also be required to protect GNSS from similar VHF 
harmonic interference.  (At least one manufacturer of modern VHF Comm equipment does not require 
such external protection.) 
 
2.5   Previous experience by Inmarsat AES manufacturers in an extensive fleet of aircraft indicates that 
such modifications provide sufficient protection.  Because the Iridium downlink signals levels are 
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significantly higher than the Inmarsat levels, this indicates that sufficient protection is readily 
available. 
 
2.6   A second, more problematic source of interference into Iridium AES equipment comes from 
Inmarsat-equipped aircraft, or Inmarsat AES equipment on the same aircraft.  The potential exists for 
severe interference to certain modes of Iridium operation from certain modes of Inmarsat operation.  
This comes about due to the very high EIRP levels (22 dBW – 34 dBW, per SARPs) required to access 
the Inmarsat satellites and the extensive spectrum allotted for Inmarsat in-band interference.   
 
2.7  Current SARPs and MOPS allow Inmarsat AES equipment to emit a flat spectrum of –55 dBc/4 
kHz over the 120 MHz with range 1614-1735 MHz.  This 120 MHz band includes the entire Iridium 
band of 1616-1626.5 MHz. When measured in the Iridium band, this corresponds to a ΔΤ/T far in 
excess of the 24% single entry level of M.1234, and, therefore, far in excess of the acceptability 
criteria.   
 
2.8  Such Inmarsat-on-Iridium interference can be dealt with in two ways.  If  Inmarsat AES operations 
can be limited to a frequency band somewhat about 1636 MHz, a relatively simple in-line filter can 
protect Iridium AES on the same aircraft, and simultaneously eliminate any Inmarsat effects in the 
lower Radio Astronomy and GNSS bands. At least one Inmarsat AES manufacturer is already testing 
such a modified filter. The framework for this limitation has already been brought forward to WGA/14 
as WP-588. 
 
2.9   Other than such a filter, the only remaining protection is through geometric separation, which, 
unfortunately, could reach several thousand feet in the worst case peak beam of an Aero H terminal.  
This does not mean that a "protection sphere" of this distance is required:  only that the main-beam 
interference could extend this far. 
 
2.10  The gradual migration of Inmarsat terminals to spot beam performance significantly reduces this 
problem due to the significantly lower requirements for Inmarsat EIRP. 
 
2.11  Iridium and AlliedSignal wish to emphasize that this interference is caused solely by Inmarsat 
emissions which significantly exceed ITU M.1234 in the Iridium band. 
  
2.12  A MOPS-compliant Iridium AES meets all of the specific requirements listed in Criterion K. 
 
3  Recommendation 
 
3.1  The Iridium Aeronautical team of Iridium, AlliedSignal, and Motorola request that WGA consider 
this attachment when considering the acceptability of the Iridium Aeronautical system for AMS(R)S 
communications. 
 
3.2  The Iridium Aeronautical team also requests that WGA investigate means to reduce the 
unnecessary emission of Inmarsat AES equipment in the Iridium operational band. 
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Attachment 1 
Simplified Analysis of Iridium AES Emissions on Common CNS Equipment 

 
 
1  Introduction 
 
1.1  Acceptance Criterion J of WGA/14 WP-577 requires that candidate systems indicate 
that system emissions comply with the emission levels of ITU M.1234 for interference to 
other communications systems, or otherwise fall below the applicable system 
susceptibility standards for CNS equipment specified by other standards.  The 
acceptability level is determined by 1) a detailed analysis of various interfering items, and 
2) existence of a draft MOPS or TSO or equivalent document. 
 
1.2  This attachment presents a simplified analysis of the effects of Iridium AES 
emissions on common CNS equipment, thus satisfying the first requirement for 
acceptability.  The second requirement is satisfied by WGA/14 WP-600, which  presents 
the draft MOPS applicable to Iridium Aeronautical System AESs. 
 
2  Discussion 
2.1  Table 1 presents the emissions analysis, at least insofar as harmonics, discrete 
spurious and noise (HSN) are concerned.  The first three columns reproduce the draft 
HSN requirements as stated in the draft MOPS of WP-600.  The analysis is based on the 
MOPS requirements rather than measured Iridium performance because the MOPS 
requirements are not subject to modification by the AES equipment manufacturers, and, 
therefore represent minimum performance across all manufacturers.   Note that the 
MOPS requirements, which are given in decibels relative to 1 Watt (dBW) are translated 
into decibels relative to 1 milliwatt (dBm) for comparison purposes. 
 
2.2  At the current time, only AlliedSignal is manufacturing Iridium AES equipment.  
Current  AlliedSignal Iridium AES equipment, such as that demonstrated during 
WGA/14 complies with these MOPS requirements.  
 
2.3   The next three columns of the table provide key parameters of common CNS 
equipment.  To date, this analysis includes the following CNS equipment:  VHF 
Localizer, VHF Comm, UHF Glideslope, DME/TACAN, TCAS, Mode-S, and Inmarsat 
transmit and receive equipment (including maritime band operations).  Most of the CNS 
requirements are taken from applicable MOPS or SARPs, with a few based on interviews 
with cognizant technical experts.  As the analysis matures, all CNS requirements will be 
based on MOPS or SARPs. 
 
2.4  The effects of Iridium AES emissions on Radio Astronomy naturally fall into this 
analysis, and are included here for completeness.  As noted in Note 5 to Table 1, the 
Radio Astronomy analysis is considerably more complex than the simple sum of terms 
given in this table.  WGA does not appear to be the proper forum to expand the full 
details of this analysis, therefore only the simplified summary results are shown. 
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2.5  The next three columns contain terms for either the gain of the transmit (Iridium) and 
receive (CNS) antennas and their spatial separation or the port-to-port isolation for 
antennas located on a common aircraft.  For the completion of this analysis, port-to-port 
isoloations of –40 dB are assumed, consistent with DO-210C/D and current AMSS 
SARPs, but these assumptions are currently under review for systems operating other 
than L-band. 
 
2.6  The final four columns compute the effective emissions in the CNS bandwidth, the 
CNS Carrier Power to Interference Ratio (C/I), expressed in decibels, an estimate of the 
C/I required for normal operation, and the margin provided by the Iridium AES.  In the 
case of Iridium-on-Inmarsat interference, the required margin is chosen to match ITU 
recommendation M.1234 for interference between MSS systems.  The Iridium 
Aeronautical System design meets the M.1234 recommendations on both the Inmarsat 
uplink and downlink. 
 
2.7   The analysis shows that HSN emissions from the draft MOPS-compliant Iridium 
AES do not interfere with common CNS equipment.  This conclusion is supported by 
qualitative experience with early Iridium AES equipment installed onboard a heavily 
instrumented SabreLiner containing most of  the aforementioned CNS equipment.  This 
aircraft was used for Iridium demonstration flights during WGA/14.   
 
2.8  The Iridium AES satisfies the requirements of acceptability criterion J.  
  
3  Recommendation 
3.1  The Iridium Aeronautical team of Iridium, AlliedSignal, and Motorola request that 
WGA consider this attachment when considering the acceptability of the Iridium 
Aeronautical system for AMS(R)S communications. 
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Table 1: Simplified Analysis of Iridium AES Emissions on Common CNS Equipment 
Frequency Band/ CNS 

System 
Meas. 
BW 

(kHz) 

LEO 
MOPS 
HSN 

(dBW)

LEO 
MOPS 
HSN 

(dBm)

CNS 
Freq. 
(MHz) 

CNS 
Min. 

Signal
(dBm)

CNS 
BW 

(kHz) 

Gt or 
isolation

(dB) 

Gr 
(dBi) 

Path 
Loss+ 
PFD  

(dB/m2)

Emission
in CNS 
band 
(dBm) 

C/I 
(dB)

Req'd 
C/I 

(dB) 

Margin

0.01-1525 3 -120 -90  
   VHF Nav (ILS, VOR) 
     source: DO-195/196 

 111.95 -86.0 2.0 -40.0 0.0 -131.8 45.8 36.0 9.8

   VHF Comm 
     source RTA-44D 

 135.95 -107.0 12.5 -40.0 0.0 -123.8 16.8 6.0 10.8

   UHF Nav (GS) 
     source: DO-192 

 334.95 -78.0 20.0 -40.0 0.0 -121.8 43.8 36.0 7.8

   DME/TACAN 
     source ARINC-709 

 1213 -90.0 1000.0 -40.0 0.0 -104.8 14.8 12.0
note 1

2.8
note 1

   TCAS 
     source: engineering 

 1090 -85.0 1000.0 -40.0 0.0 -104.8 19.8 12.0
note 1

7.8
note 1

   MODE-S 
     source:  DO-181A 

 1030 -77.0 1000.0 -40.0 0.0 -104.8 27.8 12.0
note 1

15.8
note 1

1525-1559 3 -154 -124  
   Inmarsat Receive 
     source:  DO-210C/D 

 1559 -134.0 4.0 -40.0 0.0 -162.8 28.8 28.0
note 2

0.8

1559-1565 1000 -131 -101  
1565-1585 1000 -130 -100  
   GPS/GNSS 
     source: WGA/14 ad hoc 

 1585 -116.5 1000.0 -40.0 0.0 -140.0 23.5 6.0
note 3

17.5

1585-1605 1000 -130 -100  
   GLONASS/GNSS 
     source: WGA/14 ad hoc 

 1605 -122.0 1000.0 -40.0 0.0 -140.0 18.0 6.0
note 3

12.0

1605-1610 1000 -102 -72  
   High band GLONASS 
     source WGA/14 ad hoc 

 1609.36 -122 1000 5 0 -72 -139.0 17.0 6.0
note 4

11.0

1610-1614 1000 -80 -50  
   Radio Astronomy 
     source ITUR-RA.769.1 

 1613.8 -208 0.001 -13 0 -81 -216.0
note  5

8.0 0.0 8.0
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Frequency Band/ CNS 
System 

Meas. 
BW 

(kHz) 

LEO 
MOPS 
HSN 

(dBW)

LEO 
MOPS 
HSN 

(dBm)

CNS 
Freq. 
(MHz) 

CNS 
Min. 

Signal
(dBm)

CNS 
BW 

(kHz) 

Gt or 
isolation

(dB) 

Gr 
(dBi) 

Path 
Loss+ 
PFD  

(dB/m2)

Emission
in CNS 
band 
(dBm) 

C/I 
(dB)

Req'd 
C/I 

(dB) 

Margin

1614-fopmin  30 -70 -40  
fopmin -1628.5 30 -70 -40  
1628.5-1631.5 30 -70 -40  
   Inmarsat Transmit 
    (maritime/mobile) 
    source: engineering 

 1626.5 -8 10.5 5 0 0 -39.6 31.6 28.0 3.6

1631.5-1636.5 100 -70 -40  
   Inmarsat Transmit 
     (maritime/mobile) 
     source: engineering 

 1636.5 -8 10.5 5 0 0 -44.8 36.8 28.0 8.8

1636.5-1646.5 300 -70 -40  
   Inmarsat Transmit 
     (maritime/mobile) 
    source: engineering 

 1646.5 -20 10.5 5 0 0 -49.6 29.6 28.0 1.6

1646.5-1660 1000 -88 -58  
   Inmarsat Transmit 
     (AMSS/AMS(R)S) 
     source: DO-210C/D 

 1660.5 -20 10.5 5 0 0 -72.8 52.8 28.0 24.8

1660-1670 1000 -88 -58  
   Radio Astronomy 
    source: ITUR-RA.769.1 

 1660 -221 0.001 -13 0 -81 -222.0
note 5

1.0 0 1.0

Notes: 
1. All items identified by Note 1 are still under evaluation by AlliedSignal  engineering and may require additional modifications to LEO MOPS HSN 

specification..  Measured performance to date on SabreLiner indicates that current HSN specification is sufficient, even with reduced isolation. 
2. 28 dB C/I approximately corresponds to a the ITU M.1234 equivalent ΔT/T of 6% for single entry interference. 
3. WGA/14 Ad-Hoc subgroup on GNSS interference chose 6 dB interference protection margin as appropriate and consistent with GNSSP SARPs. 
4. WGA/14 Ad-Hoc subgroup on GNSS interference chose to protect high band GLONASS in joint use airspace as opposed to on same aircraft. 
5. Detailed analysis of Radio Astronomy interference will be presented to CEPT SE028 in February, and contains additional factors not included in this 

spreadsieet.  The indicated margins can not be derived by simple addition of the factors shown here. 
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 Attachment 6 

Analysis of Iridium AES Doppler Performance  
1  Introduction 
1.1  Acceptance Criterion T of WGA/14 WP-577 requires that candidate systems provide 
service on aircraft operating at 750 knots.  This attachment includes the text of RTCA 
working paper SC-165/WG3-WP/531 which addresses this issue.  This working paper 
was reviewed by RTCA SC-165, Working Group 3 on System Performance, and 
endorsed by that committee for consideration by WGA. 
 
1.2   This attachment provides analytical evidence that the Acceptance Criterion is satisfied by 
Iridium AES equipment that is compliant with the Motorola Multi-Transceiver Unit Air Interface 
Specification (MXU-AIS).  The analysis concerns acquisition of the Iridium signal by the AES. 
This document is heavily referenced by the draft MOPS under preparation by SC-165 WG-1, and 
presented to WGA/14 as WP-600.  Internal Motorola analyses not yet releasable to ICAO 
indicates that radio channel units have the ability to maintain track on the satellite signals at 
velocities of Mach 4 or accelerations up to 4g.  
 
1.3  Current flight tests of the Iridium AES have indicated no impact on system operation of 
velocities in excess of 450 knots.  One such call was received by SC-165 Working Group 1 at its 
December meeting.  Current flight testing includes a NASA ER-2  research vehicle flying at 
altitudes in excess of 65,000 feet.  This testing will include speed tests as well, but results are not 
available at this time.   
 
1.4  Supersonic tests aboard the Concorde are planned for the near future as a cooperative effort 
between one the operator, Iridium, Motorola and AlliedSignal. 
 
 
 
2 Discussion 
See the attached paper, SC-165/WG3-WP/531. 
 
3 Recommendations 
3.1    RTCA SC-165, Working Group 3 endorses this paper for consideration by ICAO 
WGA in its assessment of the acceptability of the Iridium Aeronautical System for 
AMS(R)S services. 
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SC-165/WG3-WP/531 
 

MEMO Number  IRIDIUM-EFCL-0135 
DATE: 11 January 1999 
TO:  Iridium System Engineering File 
FROM:  E.F.C. LaBerge 
SUBJECT: Doppler Requirements/Performance  for Iridium Aeronautical  

Note:  This tech note is a reprint of the Doppler sections and appendices of IRIDIUM-
EFCL-0110B, which is also designated SC-165/WG-1/WP _320, Rev 1, dated May 18, 
1998.  This version removes certain erroneous information concerning oscillator 
stability and concentrates on the Doppler tracking problem only. 

 
Introduction 
 This memo derives the ability of the specified +37.5 kHz tracking requirements of 
the Motorola Multichannel Unit Air Interface Spec (MXU-AIS) to support Iridium 
Doppler shifts corresponding to ground velocities in excess of 800 kt without 
modifications.    In preparing this document I have incorporated WG-1 comments relating 
to the satellite geometry at the time of lowest elevation angle.  This changes the 
frequency allocations slightly.  I have also incorporated comments from the May 12-14, 
1998 meeting of WG-1 regarding the effects of earth rotation. These effects were 
intentionally and explicitly left out of IRIDIUM-EFCL-0110A.  This paper shows that 
inclusion of these effects has no impact on the analysis. 
 The RTCA Working Paper version of this document has been stripped of its 
proprietary content.. 
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Assumptions and Definitions 
 The analysis here has been simplified from the true orbital dynamics of the 
IRIDIUM space vehicles.  To establish the minimum and maximum space vehicle 
Doppler frequency, I have assumed a circular, polar orbit, and assumed that the orbital 
plane passes directly overhead of an avionics user. The orbital period is 100 minutes.  
The orbital altitude is 770 km. I have assumed a spherical Earth. Appendix A 
demonstrates that, in the worst case scenario, the component of aircraft velocity due to 
earth rotation does not affect the overall allocations.  The main analysis therefore ignores 
the effects of earth rotation in its evaluation of the worst case scenario. 
 Table 1 defines the various terms used in the analysis and in the appendices. 
 

 
Analysis 
 

Doppler Frequency of Space Vehicles 
 Appendix A derives the Doppler frequency of the transmissions to/from the 
aircraft.  Using the from aircraft direction as a reference, the Doppler frequency will be 

Table 1: Definition of Terms for Doppler Frequency Analysis 
Term Definition Units Value 
R  radius of the (circular) IRIDIUM orbit meters 7.148 x 106 m 

r  radius of the (spherical) Earth meters 6.378 x 106 m 

ρ  line of sight vector from the aircraft to the 
space vehicle 

meters computed 

)(tΘ  Earth centered angle (ECA) of space 
vehicle as a function of time. 0=Θ  
corresponds to a space vehicle directly 
overhead.  0>Θ   corresponds to a 
setting space vehicle. tω=Θ  

degrees or radians computed 

ω  angular velocity of IRIDIUM space vehicles radians/sec 1.047 x 10-3 rad/sec 

λ  RF wavelength meters 0.1844 m @ 1626.5 Mhz 

t time measured from satellite at zenith seconds computed 

DSf  Doppler frequency due to space vehicle 
motion 

Hertz computed 

SVV  Space vehicle velocity vector, measured in 
an inertial frame 

meters/sec computed 

AV  Aircraft velocity vector,  measured in the 
frame defined by the rotating Earth 

meter/sec computed 

EV  Velocity vector of a stationary user due to 
rotation of the Earth 

meters/sec computed 

υ  Angular velocity of the Earth  radians/sec 7.27221x 10-5 rad/sec 

υ  Angular velocity vector of Earth radians/sec 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡

υ
0
0

 in Earth Centered 

Iniertial coordinatess
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positive when the space vehicle is rising above the horizon and negative when the space 
vehicle is setting, i.e., when Θ > 0.  The Doppler frequency is given by EQ 1. 
 

EQ.  1  
f

V

Rr t

DS
SV=

⋅

=
−

ρ
λ ρ

ω ω
λ ρ

sin
 

 
Since Θ = ωt , the Doppler frequency is minimum when the satellite is directly overhead 
(Θ = 0) and maximum when the satellite is on the horizon.  The satellite is on the horizon 
when 
 

EQ.  2  Θ = F
H
I
K =

−cos .1 26 84r
R

 

 
The range to the satellite, ρ , can be expressed (see Appendix B) in terms of the elevation 
angle, β , as 
 

EQ.  3  ρ
β

β β= F
H

I
K −

L
NM

O
QP

−R r
Rcos

sin cos cos1 . 

 
For the minimum elevation angle of 8o, ρ  is 2.459 x 106 m.  The value of the ECA, Θ , is 
given by the argument of the sine in EQ 3, is 19.92o.  Substituting into EQ 1, with 
Θ = ωt : 
 

EQ.  4  fDS =
− × × ×

×
= −

( . )
( . )

.

7148 10 19.92
0 1844

35 87

6  m)(6.378 10  m)(1.047 10  rad / sec)sin(
 m)(2.459 10

 kHz

6 -3

6  

 This value represents an unrealistic worst case.  This value is the result of a 
satellite in an orbital plane passing directly over the user when the satellite is a 8o 
elevation angle.  Because the in-plane spacing of IRIDIUM space vehicles is 32.7o, when 
one satellite is at an elevation angle of 8o, the next (or previous) satellite in the same 
plane is at an ECA, of 19.92o-32.7o = -12.78o, where the negative sign indicates that the 
satellite is behind the receiver.   Now solving for β  for this new ECA:  
 

EQ.  5  
ρ

β
ρ

= − + = ×

=
F
HG

I
KJ =

−

R rR r

R o

2 2 6

1

2 1 689 10

20 55

cos .

cos sin .

Θ

Θ

 m
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 Thus, with an in-plane satellite at 8o, there is a second, better satellite available at 
an elevation angle of 20.55o.  The receiver will select this satellite due to better signal  
quality.  Thus, the Doppler frequency is: 
 

EQ.  6  fDS =
− × × ×

×
= +

( . )
( . )

.

7148 10 12.78
0 1844

33 9

6  m)(6.378 10  m)(1.047 10  rad / sec)sin(
 m)(1.689 10  m

 kHz

6 -3

6  

 
 

But this is still not the worst case.  The worst case occurs slightly before the time 
when the leading satellite descends to 8o and the trailing satellite rises to 20.5o, when the 
aircraft is midway between a setting and a rising satellite.  The ECA for either satellite is 
then one half of the space vehicle spacing, or 16.35o.  Computing the Doppler once again: 

 

EQ.  7  fDS =
− × × ×

×
= +

( . )
( . )

.

7148 10 16.35
0 1844

351

6  m)(6.378 10  m)(1.047 10  rad / sec)sin(
 m)(2.075 10  m

 kHz

6 -3

6  

 
This occurs when β  is: 
 

EQ.  8  β
ρ

=
F
HG

I
KJ =

−cos sin . .41 16 35 13R o  

This value is less than the Doppler frequency allowance of +37.5 kHz expressed 
in MXU200700.  The remaining +2.4 kHz  is allocated for vehicle motion. 

These computations assume that the line of sight vector lies in the near-polar 
orbital plane.  Under these conditions, Appendix A shows that the maximum contribution 
to the Doppler frequency due to Earth rotation occurs at the equator.  The Doppler 
component is: 

 

f r
E=

⋅ ×
≤ =

ρ υ
λ ρ
( ) .31 5 167 m / sec

0.1884 m
 Hz 

 
We will include this component with the satellite Doppler, for a total of 35.3 kHz, worst 
case. 
 

For completeness, the case of the minimum elevation angle of 8.2o must still be 
considered.  Using the IRIDIUM orbital parameters, it can be shown that the worst case 
elevation angle occurs only when the space vehicle is nearly due east or west of the 
receiver.  In this case, the line of sight vector, ρ , and the space vehicle velocity vector, 
VSV , are nearly perpendicular and the Doppler frequency due to orbital motion is near 
zero.  Actual computation yields a space vehicle Doppler frequency of 128 Hz at an 8o 
elevation angle.   
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When the line of sight vector lies due east or west, however, the component of the 
Doppler frequency due to earth rotation is maximized.  This maximum value is given by 
 

EQ.  9  f r
E

o

= =
υ

λ
cos .8 2 2437 Hz . 

 
  

Doppler Allocation for Aircraft Velocity 
The residual allocation of +2.2 kHz can be expressed in terms of an aircraft 

velocity by means of the classical Doppler frequency equation, also expressed in 
Appendix A.. 
 

EQ.  10  f v
DA = −

cosα
λ

,  

where α  is the angle between the aircraft velocity vector and the line of sight unit vector, 
and v  is the magnitude of the aircraft velocity.  

In the worst case, the aircraft velocity is exactly aligned with the satellite velocity 
and a direct addition takes place.  In fact, because the worst case space vehicle velocity 
takes place at an elevation angle of 13.4o such a worst case combination would require 
that the aircraft simultaneously be climbing  and reaching maximum velocity. Note that 
an elevation angle of 13.4o is equivalent to a climb of 7000 feet/minute at 300 kt.  Simple 
physics argue against such a condition for most commercial and private aircraft.  It is 
much more likely that the maximum aircraft velocity occurs in straight and level flight.  
In this case, the angle between the velocity vector and the line of sight is simply the 
elevation angle, β . 

Knowing the worst case elevation angle for space vehicle Doppler and the 
maximum allowable frequency offset, EQ. 9 can now be used to solve for the maximum 
aircraft velocity. 

 

EQ.  11  
v

fDA=

= = =

λ
βcos

( .
cos( .4)

2200 0 1844
13

426 Hz)(  m)  m / sec  828 kt
 

 
 Thus, the allocation of +37.5 kHz for Doppler accounts for the simultaneous 
occurrence of a worst case satellite Doppler contribution velocity and an aircraft velocity 
in level flight of 828 kt. 
 

In the "due East/West" case, which maximizes the effects of earth rotation and 
exposes the aircraft to the minimum elevation angle, the maximum Doppler due to 
aircraft motion is  
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EQ.  12 
f
V f

AC

A AC

= − − =

= = =

37500 2437 128 34935
6582 12 794

Hz
 m / sec  ktλ ,

 

 
This is clearly sufficient for all purposes. 

Tracking Mechanization 
 Mike Andresen's presentation at the January 1998 IRIDIUM aeronautical system 
review provides evidence that the modem mechanization supports the frequency offsets 
and maneuvers assumed in this memorandum.  This presentation is still Motorola / 
AlliedSignal confidential and proprietary, and may not be released at this time.  Suffice it 
to say that the Doppler tracking and synchronization time tracking algorithms have 
sufficient bandwidth and dynamic range to track the frame-to-frame changes of Doppler 
frequency and time delay under conditions worst case aircraft dynamics in the range of 
4g acceleration and Mach 4. 
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Appendix A:  Space Vehicle Doppler Frequency 
 
 
Define the Earth Centered Inertical (ECI) coordinate frame as follows:   
 

x-axis passing through the center of the spherical earth and the point defined by 
the intersection of the equator and the prime meridian at the time of the vernal 
Equinox.   
 
y-axis passing through the center of the spherical earth and the point defined by 
the intersection of the equator and the meridian of 90o East Longitude at the 
time of vernal Equinox. 
 
z-axis passing through the center of the spherical earth and the North Pole, and 
forming the axis of rotation for the Earth. 

 
The origin of the x-y-z system is taken as the center of the spherical earth. 
 
The ECI is a non-rotating frame. 
 
The Earth Centered Earth Fixed (ECEF)  coordinate frame is defined as a frame fixed 
with respect to the surface of the earth defined as follows: 
 

x-axis passing through the center of the spherical earth and the point defined by 
the intersection of the equator and the prime meridian. 
 
y-axis passing through the center of the spherical earth and the point defined by 
the intersection of the equator and the meridian of 90o East Longitude. 
 
z-axis passing through the center of the spherical earth and the North Pole, and 
forming the axis of rotation for the Earth. 

 
The ECEF  frame rotates with respect to the ECI frame with an angular velocity of 
approximately 7.27 x 10-5 radians/sec.  ECEF and ECI are aligned once every sidereal 
day. 
 
 The satellite orbits are defined in ECI.  The line of sight vector from the aircraft to 
the satellite is the vector difference.  
 

EQ. A- 1  ρ = −S A . 

 
 The Doppler frequency is computed by the well-known formula: 
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EQ. A- 2  fD =
⋅ρ ρ

λ ρ
 

 
Substituting  
 

EQ. A- 3  f S A S A
S A

D =
− ⋅ −

−

( ) ( )
λ

 

 
 The only difficulty is in computing the aircraft velocity vector in the proper 
coordinate frame.  Whether it is stationary or moving, we measure the aircraft velocity 
relative to the Earth's surface, i.e., in the ECEF frame.  Fortunately, the Coriolis operator 
provides a direct means of computing the aircraft velocity in the ECI frame, where it can 
be combined with the know satellite position and velocity vectors. 
 

EQ. A- 4  

d
dt

d
dt

r

d A
dt

d A
dt

r

A V r

FIXED ROTATING

FIXED ROTATING

A

(*) (*) ( )

( ) ( ) ( )

( )

= + ×

= + ×

= + ×

ω

ω

ω

 

In this expression, the ECI aircraft velocity is A , while the velocity vector relative to the 
ground is VA . 
 
 Substituting all of this into the Doppler computation: 
 

EQ. A- 5  
f

S V r

S V r

D
A

A

=
⋅ − − ×

=
⋅ − ⋅ − ⋅ ×

ρ υ
λ ρ

ρ ρ ρ υ
λ ρ

( ( ))

( )
 

 
 The numerator terms break out cleanly into a term due to only to satellite motion, 
a term to only to aircraft velocity, as measured in the ECEF frame, and a term due solely 
to Earth rotation.  The total Doppler frequency is the arithmetic sum (or difference) of 
these values.  By the definition of the dot-product, each of the terms depends on the 
cosine of the angle between the appropriate velocity vector and the line of sight vector.  
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The relative magnitudes of the terms are related to the magnitudes of the various 
velocities. 
 
 The first term is due to satellite motion, and its magnitude is proportional to the 
space vehicle velocity.  The orbital angular velocity, ω , is computed from the standard 
orbital mechanics as 
 

EQ. A- 6  ω μ
= =

×
+ ×

=
R3

14 2

6

3 986 10
6 378 770 10

0 00105( . / sec )
(( . . )

. m
 m)

 rad / sec
3

3  

 
 
The velocity is ωR = 7467 m / sec .  The dot product achieves its maximum when the line 
of sight vector, ρ , lies in the orbital plane.  In this case, the angle between the line of 
sight vector and the velocity vector is determined by only by the satellite position.  For 
any line of sight vector which does not lie in the orbital plane, the dot product is reduced 
by the cosine of the angle between the line of sight vector and the orbital plane.   
 
 The second term is due to aircraft velocity.  The magnitude is proportional to the 
aircraft ground speed, which, for the moment, we will assume to be 750 kt, or 386 m/sec.  
Notice that the magnitude of this term is only 5% of the space vehicle velocity.  If we 
make the reasonable assumption that the maximum velocity is attained during straight 
and level flight, the Doppler frequency is determined by the cosine of the elevation angle 
to the satellite and to cosine of the angle between the velocity vector and the orbital 
plane. 
 
 The third term is due to Earth rotation, and is a function of the aircraft's latitude.  
The maximum value occurs at the equator.  The maximum velocity is ωr = 464 m / sec.   
 If all three components were co-planer, the maximum velocity would be the sum 
of the three terms, or about 44.2 kHz.  The near-polar nature of the IRIDIUM orbits 
makes this impossible.  
 
 The SV velocity is approximately 19 times larger than the assumed aircraft 
velocity, and approximately 16 times larger than the effects of Earth rotation.  Therefore 
the SV component dominates the Doppler frequency.  As noted above the SV component 
is maximized whenever the line of sight lies in the orbital plane.  If we assume a true 
polar orbit, this means that the third term component υ × r   is always perpendicular to the 
line of sight and the contribution of Earth rotation to the Doppler frequency is zero. 
Even when we relax the polar orbit assumption to the true IRIDIUM orbital inclination of 
86.1o, the projection of υ × r  into the orbital plane amounts to an effective in-plane 
velocity of only υ ϕ× =r ocos . ( .86 1 31 5 m / sec)cos , where ϕ  is the aircraft latitude.1 

If we constrain the line of sight to the orbital plane in order to maximize the 
Doppler contribution of the space vehicle velocity, we have the situation inError! 

                                                 
1 Assuming a spherical earth. 
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Reference source not found.. Using the nomenclature defined in Table 1 and Figure A-
1, we have. 
 

Figure A- 1:  Geometry for SV Doppler Computation 

EQ. A- 7  fD = −
⋅ρ ρ

λ ρ
 

 

EQ. A- 8  ρ
ω
ω

=
L
NM

O
QP −
L
NM
O
QP

R t
R t

rcos
sin 0

 

 

EQ. A- 9  
sin

cos
ρ

ω ω
ω ω

=
−L
NM

O
QP −

R t
R t

vac  

 

EQ. A- 10  f

R t
R t

r R t
R t

v

D

ac

= −

L
NM

O
QP −
L
NM
O
QP

F
HG

I
KJ ⋅

−L
NM

O
QP −

F
HG

I
KJ

cos
sin

sin
cos

ω
ω

ω ω
ω ω

λ ρ
0

 

 
To evaluate the satellite component only, we assume the aircraft to be stationary, 

vac =
L
NM
O
QP

0
0

.  Then 

 

R

r

ρ

β

v

Space Vehicle Orbit

Earth Surface
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EQ. A- 11  

f R t t Rr t R t t
R Rr t r

Rr t
R Rr t r

Rr
R Rr r

DS = −
− + +

− +

=
−

− +
= =

=
−

− +

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

sin
( cos )

,

sin
( cos )

2 2

2 2

2 2

2 2

2

2

2

1
2

1
2

1
2

ω ω ω ω ω ω ω
λ ω

ω
λ ω

ω

λ

  t Earth Centered AngleΘ

Θ

Θ

 

 
Since both numerator and denominator are functions of Θ , we should check to find the 
minimum and maximum. 
 

EQ. A- 12  
df
dt

Rr R Rr r R r
R Rr t r

DS =
− + −
− +

ω ω
λ ω

2 2 2 2 2 2 2

2 2

2
2

3
2

cos ( cos ) sin
( cos )

Θ Θ Θ
,  

which we set equal to zero to obtain the minimums.  Note that the denominator is never 
zero, since R and r are not equal.  Thus we can solve for the numerator equal to zero.  
After some algebra, we get an equation in cos2 Θ : 
 

EQ. A- 13  0 2 2 2= − + +Rr R r Rrcos ( )cosΘ Θ  

 
Using the quadratic formula: 
 

EQ. A- 14  cos ( ) ( )
Θ =

+ ± −R r R r
Rr

2 2 2 2

2
 

 
Because R > r, the plus sign yields a cosine greater than 1, and the only meaningful 
solution is uses the subtraction sign. 
 

EQ. A- 15  cosΘ = =
2
2

2r
Rr

r
R

, 

 
which is, of course, the equation of the right triangle when the space vehicle is on the 
horizon.  Thus the maximum Doppler shift occurs on the horizon.  From EQ A-4, the 
minimum magnitude of the Doppler shift occurs at Θ = 0 .  The Doppler frequency 
induced by the satellite increases as the satellite approaches the horizon. 
 
 Now return to the component due to aircraft motion, under the constraint that the 
line of sight vector remain in the orbital plane.  Then 
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EQ. A- 16  

f
V

V

DA
AC

AC

=
⋅

=

ρ
λ ρ

α

λ

cos
 

 
where α is the angle between the line of sight vector, ρ ,and the aircraft velocity, VAC . 
Obviously, EQ. A-10 is maximum when α = 0, i.e. when the velocity lies along the line 
of sight.   
 The maximum and minimum Doppler effects are therefore found for satellite 
positions near the horizon and for aircraft motion along, or very near, the line of sight to 
the satellite.  Since the satellites lie above the local horizon, this implies that the 
maximum Doppler for a given aircraft velocity occurs during straight and level flight. 
 
 Finally, a few words about the three dimensional generalization of the results of 
this appendix.  In this appendix, we have assumed that the orbit is circular and that the 
aircraft is travelling in the orbital plane, although obviously not at the orbital radius. In 
fact, this is rarely the case.  In the true three-dimensional case, the orbital plane is rotated 
in around the vertical axis of Figure A-1.  In this case, both the line of sight vector and 
the orbital velocity are no longer co-planar.  The effect of this rotation is decreasing the 
magnitude of the vector sum of aircraft and satellite velocities.  Maximizing the aircraft 
Doppler component, which is still expressed by EQ. A-10,  causes the aircraft velocity 
vector to lie along the line-of-sight vector, which, by definition, no longer lies in the 
orbital plane.  Therefore the satellite-induced Doppler component is no longer maximum.  
Therefore, the current analysis, which assumes co-planar aircraft and satellite motion is 
the worst case, and is, in fact, the only case in which the scalar velocities can be directly 
added or subtracted. 
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Appendix B:  Derivation of LOS range as a function of elevation angle 
 
Using the nomenclature of Figure A-1 and Table 1, we have, with the Law of Sines. 
 

EQ. B- 1  ρ
π βsin sin sin( )Θ

= =
+

r
B

R

2

 

 
Using the first and last ratio to solve for ρ; 

EQ. B- 2  ρ
β

=
R

cos
sinΘ  

 
Using the triangle, we have, 
 

EQ. B- 3  
π π β

π β

= + + +

= − +

Θ

Θ

B

B

2

2
( )

 

Using EQ B-3 and the second and third ratios of EQ B-1: 

EQ. B- 4  sin cos cos( )B r
R

= = +β βΘ  

 
So we can now write an equation for Θ; 

EQ. B- 5  Θ = −−cos ( cos )1 r
R

β β  

Finally, combining EQ B-5 and B-2 gives the desired result: 
 

EQ. B- 6  ρ
β

β β= F
H

I
K −

L
NM

O
QP

−R r
Rcos

sin cos cos1 . 




