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SUMMARY 

This document forms one of the outputs from Task 4 – Study Reporting of the NAVISP - Complementary 
PNT Infrastructure in LEO study. It presents a concise summary of the findings of the study suitable for non-
experts in the field of satellite navigation. 
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1.   INTRODUCTION 
1.1   Scope 
This document forms one of the outputs from Task 4 – Study Reporting of the NAVISP - Complementary 
PNT Infrastructure in LEO study. It presents a concise summary of the findings of the study suitable for non-
experts in the field of satellite navigation. 

1.2   Study Overview 
The study approach was to perform a study for a potential future system to provide signals from Low Earth 
Orbit that can be used to complement existing GNSS with an enhanced Position, Navigation and Timing 
(PNT) service. Such a system would improve the robustness and resilience of existing GNSS, and introduce 
some additional capabilities such as improved in-building performance. 

Given the recent developments and significant investment in large LEO constellations for communications 
services, most notably the forthcoming OneWeb system being developed by Airbus, the study focussed on 
the potential approaches made possible by these LEO developments for the provision of a cost-effective 
complementary PNT infrastructure. This requires a thorough review of: 

• The state-of-the-art of complementary PNT systems development 

• The potential for LEO constellations to enable complementary PNT systems, either directly (by 
accommodating the infrastructure to provide signals used for PNT) or indirectly (e.g. by driving down 
the costs for small satellites to make a dedicated LEO PNT constellation feasible) 

• Current technological and economic trends which indicate significant relevant changes to the market 
for PNT services in the 2025 timeframe. 

The approach to be taken begins with a set of use cases and system scenarios, some provided by ESA with 
other innovative approaches provided by the Airbus-led study team. These were analysed, traded-off and 
eventually presented as a consolidated, optimised architecture with supporting data presenting the 
technology roadmap and recommendations for future activities to realise the identified LEO PNT system. 
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2.   APPLICABLE AND REFERENCE DOCUMENTS 
2.1   Applicable Documents 

ID Document Title  Document Reference 

AD.1   
 

2.2   Reference Documents 

ID Document Title  Document Reference 

RD.1 Use Case and Candidate System Scenarios Analysis TN (D1) NAVISP1-TN-ADSP-001-1000385410 

RD.2 High Level Document of Complementary LEO PNT (HLD) NAVISP1-DD-ADSP-001-1000400817 

RD.3 System Concept Trade-off Report NAVISP1-RP-ADSP-001-1000488830 

RD.4 Architectural Design Document NAVISP1-DD-ADSP-001-1000787171 

RD.5 Final Report NAVISP1-RP-ADSP-001-1000786842 

 
2.3   Abbreviations 
The acronyms and abbreviations list is contained in [RD.1]. 
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3.   STUDY LOGIC 
The study was split into four sequential tasks, summarised below. The overall study logic is shown in Figure 
3-1. 

Task 1

Definition and Weighting 
of 6x Use Case

KO
Workshop/KP1 Definition and Weighting 

of 4x System Scenario

Review state-of-the-art 
PNT Technologies

Review relevant current 
technical and economic trends 

(e.g. developments in CAV)

Review potential for LEO constellations to enable 
complementary PNT 
• Directly, as a dedicated constellation
• Indirectly, (i.e. Satelles, and viability of OneWeb)

Define subset of System Concepts

Present at Preliminary MDR

System Analysis Simulations to Evaluate FoM

Trade-Off Analysis Controlled, subjective analysis of KPI

Downselect to Two System 
Concepts at KP2

Task 2

Consolidate two System 
Architectures

Present at System Concept 
Review

Define proposed study architectures: 
• Proposed Mission Architectures and Mission-Level 

Requirements
• Performance evaluation (FoM) for proposed 

architectures
• Draft High-level Market and Regulatory 

Assessment
• Draft High-level Technology Roadmap

Final Review

Task 3

Refined System Definition 
and Analysis

Simulations to Evaluate FoM

Trade-Off Considering TRL, Market 
and Regulatory Issues

Task 4

Present at Mission Definition 
Review

Final Report, including: 
• Agreed Mission Requirements and Architectures
• Performance evaluation (FoM) for final, revised 

architectures
• High-level Market and Regulatory Assessment
• High-level Technology Roadmap

 
Figure 3-1: Study Logic 
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4.   TASK 1 – HIGH LEVEL DEFINITION 
4.1   Methodology 
In the proposal, which built on the Statement of Work, four system concepts and six use cases were initially 
defined. The combination of a use case and a system concept was referred to as a scenario, of which there 
were 24. The proposal and the SOW and the definitions therein were taken as inputs for Task 1 of the study. 

In order to refine the use cases and system concepts, a matrix-style method was developed which 
compared each scenario against the Key Point Indicators (KPIs) which were listed in the SOW: 

• Cost 
• Scalability 
• Upgradeability/System Complexity 
• Flexibility 
• Regulatory Compliance 
• Deployment Complexity 
• Independence 

It was initially conceived that the relative importance of each KPI to each of the use cases could be 
represented by weighting factors. However in trying to define and justify such weightings it became clear 
that some of the system requirements could be better analysed by using mission objectives. To this end, 
seven mission objectives were determined, as follows. These are defined in [RD.2]. 

• MO1: Flexibility to Deploy Early NEXGEN Services 
• MO2: Improved Coverage in Urban Environments 
• MO3: Indoor Penetration (with Accuracy) 
• MO4: Resilience Against (User) Interference 
• MO5: Independence Against GNSS Outages 
• MO6: Support for Low Energy Positioning 
• MO7: Support for Two-Way Time Transfer (TWTT) 

Each mission objective implies one or more specific features that would have to be implemented in order to 
meet it. Building on the mission objective definitions, nine such features were identified as follows: 

• F1: On-board PNT Payload Providing GNSS Frequency Signals 

• F2: L-band (Non-GNSS Frequencies) Payload 

• F3: Other Frequency, Higher Power (UHF, VHF or Ku Band) 

• F4: Use of On-board GNSS Receiver for ODTS 

• F5: Conventional Ground-based ODTS 

• F6: Inter-Satellite Links with Optional Autonav Capability 

• F7: Ability to Transmit New Waveforms 

• F8: Transponder(s) to Support Two-Way Time Transfer 

• F9: Bent Pipe Transponder with Extensive Ground Segment 

These features were then combined into various new system design concepts (see Section 4.2). These 
design concepts expand and refine the four original system concepts defined in the proposal and allow the 
study solution space to be fully explored.  

4.2   Design Concepts 
A brief description of the design concepts is given below. The degree to which these design concepts 
address the mission objectives is given in Table 4-2. 
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4.2.1   DC1: Large, Full-Featured, Independent System 
DC1 is conceived to be a system architecture that meets the full set of mission objectives presented in 
[RD.2]. Its defining characteristic is that it is designed to provide independence against MEO GNSS 
outages. As a result it is a standalone LEO GNSS, with sufficient spacecraft deployed to provide a PNT 
solution to users. The PNT approach is conventional, based on Time of Arrival (ToA) of signals generated 
by an on-board GNSS PNT payload, including a stable time reference. 

4.2.2   DC2: Highly Compliant Complementary System with Two-Way Communications Transponder 
DC2 dispenses with the objective to provide independence from MEO GNSS, which greatly reduces the 
scale of the system. It is conceived to be complementary to Galileo, providing additional signals and 
capabilities but not capable of providing a useable service without a feed of signals from the Galileo MEO 
constellation. The PNT approach is conventional, based on ToA of signals generated by an on-board GNSS 
PNT payload. A simple, low-cost time reference is included in the payload. 

4.2.3   DC3: Largely Compliant Dedicated System without Transponder 
DC3 dispenses with the objective to provide a two-way time transfer capability. The PNT approach is 
conventional, based on ToA of signals generated by an on-board GNSS PNT payload. A simple, low-cost 
time reference is included in the payload. 

4.2.4   DC4: Extended L-Band, Dedicated System 
DC4 dispenses with the objective to provide a low-energy positioning signal using VHF, UHF or Ku band. As 
a result the capability to introduce improved indoor penetration and resilience to local interference is also 
reduced.  

4.2.5   DC5: GNSS Payload Hosted on Communications Constellation 
DC5 provides signals only within the frequency bands used by Galileo. These are generated within GNSS 
PNT payloads hosted on a constellation of LEO communications satellites. As a result such a system offers 
little or no improvement in indoor positioning or resilience against local user interference.  

4.2.6   DC6: Dedicated System, Bent Pipe Transponder, ToA PNT 
DC6 comprises: 

• A dedicated constellation of low cost LEO satellites with simple bent pipe communications 
transponder payloads, in multiple frequency bands, possibly supplemented with a simple, low-cost 
time reference to provide a beacon signal. 

• A network of ground stations with combined capabilities for: 

o Signal monitoring 

o Local ODTS processing 

o Navigation message uplink 

o Real-time closed-loop control 

• A control centre 

• A source of System Time (synchronised to Galileo System Time) 

This is shown in Figure 4-1. 
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Figure 4-1: DC6 - Bent Pipe Architecture 

4.2.7   DC7: Hosted System, Doppler Ranging 
DC7 utilises a commercial LEO communications satellite constellation. This design concept utilises the 
communications channels operating away from the RNSS frequency bands used by MEO GNSS. 

4.2.8   DC8: Doppler-based PNT from Commercial Communications Constellation 
DC8 is a Doppler PNT system, utilising signals broadcast from a commercial LEO communications satellite 
constellation. Satelles, as previously discussed, provides a current service of this type at L-band. DC8 
considers the feasibility of a similar approach utilising the OneWeb constellation. OneWeb is a considerably 
larger constellation than Iridium (on which Satelles operates), offering the scope for much more beneficial 
user-SV geometries, and operates at a higher frequency band, offering the scope for better range resolution 
from Doppler measurements. However, the frequency band is optimised for small fixed ground stations 
rather than mobile user handsets, which introduces a significant disadvantage to this approach. 

4.3   Trade-Off for Down-Selection at PMDR 
4.3.1   System Trade Space 
The eight system design concepts were qualitatively assessed on their ability to fulfil the mission objectives, 
using the table below. This formed part of a trade-off that drew on the technical expertise of the consortium 
to give technical insights into the implementation of the detailed design of the DCs and the projected 
performance against the KPIs, as discussed in [RD.1]. 
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Table 4-1: System Trade Space 

 Design Concepts 

MO# Description Implied Feature/s 1 2 3 4 5 6 7 8 

MO1 
Flexibility to deploy 
early NEXGEN 
services 

GNSS frequency; 
Transponder Y Y Y Y Y P P P 

MO2 
Improved coverage 
in urban 
environments 

GNSS frequency, 
enhanced multipath 
mitigation 

Y Y Y Y Y Y Y P 

MO3 
Indoor penetration 
(with accuracy) 

Other frequency, higher 
power (e.g. L/MSS, Ku, 
UHF) 

Y Y Y Y N Y Y Y 

MO4 
Resilience against 
(user) interference 

Other frequency, higher 
power Y Y Y Y N Y Y Y 

MO5 
Independence 
against GNSS 
outages 

No use of GNSS 
Y N N N N P P P 

MO6 
Support for low 
energy positioning 

Waveform/nav message 
(cannot be deployed by 
current MEO) 

Y Y Y N N Y Y Y 

MO7 
TWTT Transponder 

Y Y N N N P P P 

 

4.3.2   Downselection One Summary and Conclusion 
The following table lists the included/rejected system design concepts with the main reasoning behind the 
decisions.  

Design 
Concept 

Include/Reject 
from Down-
selection? 

Main Reasons 

DC1 Reject Clocks and Ground Segment both high cost and challenging to implement; 
Independence not key 

DC2 Include Achieves all MOs other than independence. 

DC3 Include Similar to  DC2, with less ground segment constraints, therefore cheaper 

DC4 Include Dedicated extended L-band. Simpler than previous options. 

DC5 Include Provides ToA PNT but cheaper. Allows ‘hosted v. dedicated’ comparison. 

DC6 Reject Complex and challenging to implement with little potential improvement. 

DC7 Reject IPR issues; limited accuracy 

DC8 Reject IPR issues; limited accuracy; Ku band impact on user segment. 
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5.   TASK 2 – SYSTEM ANALYSIS AND CRITICAL TRADE-OFFS 
5.1   Use Case Summary 
5.1.1   UC1: Maximum Signal Penetration FOM 
Description: A mass market user who needs a system optimised for signal penetration through a signal 
attenuating environment (e.g. an airport terminal), with metre-level accuracy requirements. 

5.1.2   UC2: Low Energy Positioning FOM 
Description: ‘Install-and-forget’ tracking device for: 

i) smart water and gas meters 

ii) shipping containers 

iii) pipe monitoring. 

Case a) has the receiver performing very infrequent cold-starts 

Case b) has the receiver performing semi-frequent warm-starts 

5.1.3   UC3: TWTT FOM 
Description: A user who needs more accurate synchronisation with UTC than can be provided by a clock-
augmented MEO GNSS receiver, with security/integrity. 

5.1.4   UC4a: Arctic Augmentation 
The Galileo performance for accuracy is adequate at high latitudes and integrity is outside the scope of the 
requirement. Consequently this UC (specific scenario of the original UC4) was dropped at PMDR. 

5.1.5   UC5: Increased Resilience and Robustness FOM 
Description: A First Responder who needs a system optimised for resilience and robustness, in a noisy RF 
environment. This UC was accepted as given in [RD.1] at PMDR. 

DC5 cannot compete for this UC as it has no high power signal. 

5.1.6   UC6: Connected Autonomous Vehicles FOM 
Description: A Multi-GNSS/LEO receiver supporting near-real-time calibration of the other sensors (camera, 
radar, lidar) used by a future Connected Autonomous Road Vehicle. The vehicle’s position will be provided 
by Precise Point Positioning. 

• Case a) is in an urban environment and will be the focus of study 

• Case b) is on a motorway with infrequent interference across L-band frequencies and will act as a 
baseline. 

5.2   Conclusions of SCR 
The inability of the TWSTFT system to offer a scalable solution to small UE meant that it did not fully meet 
the desired Use Case.  The payload also could not meet the full requirement on timing accuracy.  Because 
of these issues, plus the fact that authenticated OS from the existing MEO Galileo constellation could meet 
most of the Use Case with similar if not better timing accuracy without a complementary system, led to the 
removal of DC2 at KP2. 

DC5 was also removed from further consideration at KP2 due to the need for relatively high powers that 
were not compatible with most hosting options.  There were also issues of availability of hosting missions as 
most are now either late in design or in implementation phase.  The fact that any hosted payload was also 
then at the mercy of the hosting entity business case meant that it was not suitable for a reliable operational 
mission. 

Both DC3 and DC4 were retained for further study. 

DC3 (L-band, “low power UE” payload at UHF/VHF and a “high penetration” payload at S-band) has 
significant accommodation issues.  The target Arrow/OneWeb platform (used for low cost of constellation) 
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has limited physical space for the multiple antennas and is heavily power constrained.  If both UHF and VHF 
payloads are embarked, as might be needed for a dual frequency low energy mission to mitigate the large 
ionospheric errors at these frequencies, insufficient power is left for the S-band system to offer any 
advantage over the existing L-band power on ground.  There are further issues with the achieved navigation 
accuracy of the UHF and VHF payloads such that this system cannot meet the accuracy FOM required in 
UC2.  Further iteration of the accuracy FOM will be required in the mission analysis. 

DC4 (L-band plus “high penetration” S-band) is workable though with relatively little improvement in power-
on-ground at S-band (+4.6dB) for significant building penetration.  Some improvement in J/S is possible 
however, with demonstrable improvements in jammer standoff distance.  The BPSK(8) signal proposed for 
the S-band waveform also offers useful bandwidth of the order of 2kbps that can be used to support the 
MEO system with additional aiding information or with information to support PRS. 

A concern remained about the ability to shield the on-board GNSS receiver from the relatively high power L-
band transmission.  This receiver is a required part of the payload to get time and frequency from the MEO 
constellation as current clocks are too large and expensive for the LEO mission.  Due to the small platform 
size there is little isolation available. 

A small platform, such as Arrow/OneWeb, which is required to keep total constellation and launch costs 
down cannot host all the required payloads with usable performance.  The Satelles system on Iridium is able 
to take benefit from a much larger platform with a complex, high gain antenna. 

Given the issues with power and accommodation on the Arrow platform plus the concern over payload self-
interference it was recommended to remove the L-band GNSS transmit payload from both Design 
Concepts. 

It was agreed to pursue a compromise solution, as basis for the work to MDR, using S-band and UHF/VHF 
(incorporated in the same SDR). This is essentially DC3 without the L-band payload. 
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6.   TASK 3 - CONSOLIDATION OF ARCHITECTURE AND PERFORMANCE ANALYSES 
6.1   System Overview 
This section summarises the selected architectures and defines the overarching systems level solutions 
including; orbit, signal in space, UERE (updated for the relevant SIS), DOP (from [RD.1]), predicted 
navigation accuracy, ground segment and architecture. 

Design-to-Cost is a system goal focussed on low-cost satellites with a multiple launch capability to reduce 
unit and launch costs.  Specific costs have not been elaborated. 

6.1.1   System Architecture 
The proposed system uses a constellation of at least 224 satellites in 7 planes of 32 satellites as described 
in [RD.1] based on the Airbus ‘Arrow’ or similar class of platform to keep cost down.  A launch strategy 
assuming all 32 satellites are placed into a plane with one launch (within the current OneWeb capabilities) 
minimises overall system launch costs. 

• 1 plane of 32 SV at 1,200 km, 0° inclination 

• 6 planes of 32 SV at 1,200 km, 88° inclination 

 

 
 

Constellation view 

(1x32 equatorial, 6x32 88degrees) 

DOP Plot 

Figure 6-1: Constellation Diagram and DOP Plots [RD.1] 
The Design Concept (DC) for each satellite is an evolution of DC3 in Section 5.2.  The L-band payload was 
deleted due to interference issues with the on-board GNSS receiver.  This leaves two sub-Design Concepts: 

• DC3.1 - S-band penetrating signal plus UHF and VHF low energy waveforms 
• DC3.2 - S-band signal and UHF only (VHF removed due to physical space constraints) 

6.2   System Design 
This section describes the top level satellite and payload design, ground architecture and UE design. 

6.2.1   Satellite and Payload Design 
6.2.1.1   Basic Architectures 
The baseline satellite design is based on the Airbus OneWeb platform.  This was selected as a very low cost 
option which is required to support the large number of satellites in the constellation.  It is also compatible 
with a multiple launch dispenser able to place all satellites in a plane with a single launch, also saving on 
system launch costs. 

Two variants of the payload design were considered for this evolution: 
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• VHF, UHF and S-band payloads 

• UHF and S-band only 

These variants were considered due to the very large size of the VHF antenna which causes problems for 
accommodation on the baseline OneWeb platform (OneWeb payload volume is 48 x 52 x 52 cm). 

 
Figure 6-2: OneWeb Baseline Payload Volume 

An updated version of the OneWeb platform is also available, using a raised payload deck providing 1m x 
1m of payload accommodation.  The downside of this is that the raised deck may impinge into the launcher 
“stay out” volume depending on the specifics of the payload and launcher selection.  Launch vehicle 
downselect is not a feature of this study so this has been left for future work. 

 
Figure 6-3: OneWeb platform with raised and enlarged top deck payload structure 

The payload architecture is given below: 

 
Figure 6-4: Payload Architecture 

The option with VHF splits off the UHF signal to a dedicated converter and amplification stage and a 
dedicated antenna.  This architecture minimises the additional mass to host both “low energy” waveforms.  
The removal of the VHF signal is purely a matter of accommodation as the power gained by the removal 
does not materially improve the S-band performance. 

6.2.1.2   VHF, UHF and S-band Payload 
This payload provides both low-energy waveforms, allowing dual-frequency ionospheric corrections as well 
as a higher penetration S-band signal that also offers 2kbps of additional navigation data.  This section 
summarises the payload performance and budgets. 
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Accommodating the large VHF antennas drives this system to use the raised payload deck option for 
OneWeb. 

The payload design closes the VHF and UHF link budgets, determines their total power usage and then 
uses the residual power from the OneWeb platform to support the S-band payload.  This ensures the S-
band payload maximises use of the available power to maximise penetration. 

6.2.1.3   UHF and S-band Payload 
Removal of the VHF functions allows the DC power to be reallocated to the S-band SSPA. The VHF SSPA 
was only supplied with 1W DC so the increase in RF power available by removing the VHF function is 
around 0.5 W which gives a further 0.05 dB increase in EIRP. 

6.2.2   Ground Architecture 
The ground system architecture is given below: 

 
Figure 6-5: Ground System Architecture 

With the selected 1200km orbit, there is significant coverage available from the wide-beamwidth TMTC 
antennas on the baseline ArrOW platform.  With the constellation design for PNT, each ground station can 
also see a minimum of four satellites at any one time.  This greatly simplifies the number of stations 
required. 

6.2.3   User Equipment Design 
The types of User Equipment (UE) are defined in [RD.2] as: 

• UE1: Simple LEO-enabled smartphone receiver 
• UE2: Simple LEO-enabled smartphone receiver with aiding channels 
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• UE3: Simple LEO-enabled smartphone receiver with tightly coupled Inertial Measurement Unit 
(IMU) 

• UE4: Commercial-grade receiver with tightly coupled Chip Scale Atomic Clock (CSAC) 
• UE5: Low energy receiver 

For the two payload options of the selected DC, UE5 is required in both cases but can be simplified to a 
single frequency receiver for the UHF-only payload. 

To maximise the benefits of the second frequency and to support PPP, an INS is required to provide 
holdover for occasional interruptions. This would especially be needed for UC1 (penetration UC which would 
experience occasional outages), UC5 (resilient UC with outages, including some holdover if GNSS lost 
entirely) and UC6 (high accuracy UC with PPP, outages and re-convergence).  A CSAC is a very expensive 
and relatively large additional equipment and none of the UCs require a significant amount of timing 
holdover, hence UE4 was no longer seen as beneficial. 

Use Case Description Mission Objective (s) UE Type 

UC1 Maximum signal penetration 2: Improved urban coverage 
3: Indoor penetration 

UE2/3 

UC2 Low energy positioning 6: Support low energy positioning UE5 

UC5 Increased resilience and 
robustness 

3: Indoor penetration 
4: Resilience against interference 
(5): Independence against GNSS outages 

UE2/3 

UC6 Connected Autonomous Vehicles 2: Improved urban coverage UE2/3 

Table 6-1: Mapping of UC, MO and UE Type 
As can be seen, the original UE options had aiding or INS.  As the design concepts have matured a 
combination of both (UE2/3) seems highly beneficial to most of the UCs. 

6.2.3.1   Dual Frequency Receiver 
This architecture represents UE2/3 covering S-band from the complementary system and L-band from the 
MEO GNSS constellation. It includes both aiding data and a tightly coupled IMU. 

6.2.3.2   Low Energy Receiver 
The Low Energy Positioning UE will be reliant on the VHF/UHF signals transmitted by the potential LEO 
constellation and does not use either L-band from MEO or the S-band signal as these are not low energy.  
Operation could be either single or dual-frequency with the recognition of the following points: 

• Single-frequency solutions will have large pseudo-range errors due to ionospheric effects. 
• Dual-frequency receivers would experience far lower ionospheric errors. They have only 

recently become available for smartphones, where SWaP and cost are similar important 
constraints. An extra antenna or a dual-band antenna would be necessary, the effect of which 
on size should not be underestimated (a 150MHz quarter whip antenna is 50cm long). Not only 
would this receiver use more energy per fix (important to be kept low for this user equipment) 
but ruggedisation of the equipment would be very difficult. Cost would also significantly 
increase while the receiver should be expendable. 
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7.   STUDY CONCLUSIONS 
A LEO satellite system has been designed that supports complementary S-band and “low energy” UHF and 
VHF band navigation signals.  The performance is broadly compliant with the selected Use Cases. 

Significant excess power-on-ground compared to MEO L-band cannot be generated due to the constraints 
of the small platform and so the penetration and interference performance is limited.  Use of larger platforms 
would overcome this but this would significantly increase system costs as the individual satellite cost would 
be higher and larger platforms would also necessitate more launches. 

The S-band waveform shows promise to significantly improve the performance of PPP/RTK systems, 
particularly in convergence and re-convergence times.  The use of PPP/RTK is necessary to achieve the 
positioning performance for future Connected Autonomous Vehicles (CAV) users.  A reduction in initial 
convergence time allows the user to get underway without undue delay and the estimated re-convergence 
time would allow continuous navigation despite the typical outage periods seen in driving conditions. 

The impact of the ionospheric errors at the low frequencies used for the low energy waveforms is significant.  
Initial estimates show that it limits the ability to meet the required positional accuracy.  Performance 
improvements based on the behaviour of the L-band dual frequency system show that these have the 
potential to meet some of the positional accuracy requirements but further work should be undertaken to 
determine the performance of a dual-frequency system at the operational wavelengths. 

The impact on the User Equipment must always be considered for any end-to-end system.  The navigation 
waveforms content has been modified to mitigate the significant growth in almanac data for the LEO system 
so that TTFF is not impacted.  Practical antennas for the low energy waveforms have been identified but 
these come with performance penalties. 
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