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Overview

• Frequency selection for Alternative PNT system

• Definitions

 

• Discussion of ITU reports, models

 

• Timing Impacts



Definitions

L, S, C, Ku… bands

521-2002 - IEEE Standard Letter Designations for Radar-Frequency Bands

Band 

designation

Frequency 

Range

Explanation

UHF 0.3 to 1 GHz Ultra-high frequency

L 1 to 2 GHz Long wave

S 2 to 4 GHz Short wave

C 4 to 8 GHz Compromise between S and X

X 8 to 12 GHz Used in World War II for fire control, X for 

cross (as in crosshair). Exotic.

Ku 12 to 18 GHz Kurz-under

K 18 to 27 GHz German: Kurz (short)

Ka 27 to 40 GHz Kurz-above

Radar-frequency bands according to IEEE standard



Definitions

Link Budget Considerations

1. Attenuation Sources

• Free Space Path Loss

• Absorption Loss

⁃ Ionospheric

⁃ Atmospheric

⁃ Rain/Clouds

• Building Entry Loss

2. Transmit EIRP

3. Antenna Pattern

4. Receiver Noise Figure

Atmospheric 

Effects

Building 

Entry Loss

RX C/No

Receiver

Receiver



Definitions

Building Entry Loss (BEL)

“Building entry loss is the additional loss due to a terminal being inside a building”

“Building entry loss can be measured as the difference, expressed in dB, between the spatial median of 
the signal level outside the illuminated face of a building and the spatial median of the signal level 
inside the building at the same height above ground.”



Definitions

Building Entry Loss (BEL)

“Building entry loss is the additional loss due to a terminal being inside a building”

“Building entry loss can be measured as the difference, expressed in dB, between the spatial 
median of the signal level outside the illuminated face of a building and the spatial median of 
the signal level inside the building at the same height above ground.”

Prediction of building entry loss

Recommendation ITU-R P.2109-2 (8/2023)

Compilation of measurement data relating to 

building entry loss

Report ITU-R P.2346-3 

Effects of building materials and structures 

on radio wave propagation above about 100 MHz

Recommendation ITU-R P.2040-3 (08/2023)



Testing Campaign ITU-R P.2346-3

Compilation of measurement data relating to building entry loss

• Global test campaign with nearly 40 sites collecting BEL data

• Testing from 88MHz to over 32GHz

• Commercial and Residential test locations

• Typical building materials tested in the study

• glass, concrete, brick, wood, plasterboard

• typically energy efficient glass (metal coated) separately studied

• Various slant-path measurement conditions were tested.

• Parking lot

• Helicopter

• Fixed Towers (Satellite simulation)

Report ITU-R P.2346-3 (05/2019)

https://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-P.2346-3-2019-PDF-E.pdf

https://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-P.2346-3-2019-PDF-E.pdf


BEL measurements for two office buildings in the 

frequency range 800 MHz-28 GHz

Report ITU-R P.2346-3 (05/2019)

https://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-P.2346-3-2019-PDF-E.pdf

https://www.itu.int/dms_pub/itu-r/opb/rep/R-REP-P.2346-3-2019-PDF-E.pdf
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Materials Study ITU-R P.2040-3 (08/2023)

Recommendation ITU-R P.2040-3 (08/2023)

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.2040-

3-202308-I!!PDF-E.pdf

Effects of building materials and structures on radio wave 

propagation above about 100 MHz

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.2040-3-202308-I!!PDF-E.pdf
https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.2040-3-202308-I!!PDF-E.pdf


K
a
 -

 b
a
n

d

K
u
 -

 b
a
n

d

L
  

- 
b

a
n

d

Model was developed with empirical 

data from ITU-R P.2346, and ITU-R 

P.2040

Traditional vs Modern building 
construction

“Typically, the presence of metallised 

glass windows, insulated cavity walls, 

thick reinforced concrete and metal 
foil back cladding is a good indication 

of a thermally-efficient building.”

Prediction of building entry loss ITU-R P.2109-2

Recommendation ITU-R P.2109-2 (08/2023)

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.2109-2-202308-I!!PDF-E.pdf
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https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.2109-2-202308-I!!PDF-E.pdf


Atmospheric effects - ITU-R P.618-11

• Ionospheric effects

• Propagation delay 

• Absorption

• Dispersion (ps/Hz)

Recommendation ITU-R P.618-11 (09/2013)

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.618-11-201309-S!!PDF-E.pdf

Propagation data and prediction methods 

required for the design of Earth-space 

telecommunication systems

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.618-11-201309-S!!PDF-E.pdf


Atmospheric effects - ITU-R P.618-11

Recommendation ITU-R P.618-11 (09/2013)

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.618-11-201309-S!!PDF-E.pdf

Propagation losses

• Attenuation by Rain, atmospheric 

gases

• Rain fade propagation loss plot 

developed using  ITU ITU-R P.838-3 

Model

• Conditions assumed to be 
thunderstorm in Florida

Propagation data and prediction methods required 

for the design of Earth-space 

telecommunication systems
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Link Budget Analysis

Link budget estimating line-of-sight received signal 
quality as a function of frequency given consistent 
transmitter/receiver properties

Assumptions (consistent at each frequency)

• Orbit Altitude: 800 km 
• Transmit EIRP: 10 Watts
• Receiver Antenna: 0 dBi

• Receiver Noise Figure: 2 dB
• Receiver Thermal Noise Density: -204 dBW / m2

Assumptions and free 

space path loss only

Link budget including heavy rain and BEL models



Timing Impacts: Pseudorange Measurement Error Bound

Standard deviation of timing measurement error 
in additive white gaussian noise, 𝜎𝜏𝑀𝐿

, assuming 
code-based pseudoranging which can be achieved is 
a function of:

• Signal quality (i.e., carrier-to-noise density, 
C/No);

• Signal Bandwidth (W);

• Signal Integration Time (T).

Additional errors in pseudorange from satellite clock, 
ephemeris, relativistic, atmospheric effects, 
ionospheric effects, tropospheric effects, multipath, 
and equipment error sources.

Takeaway: Performance degrades as a function of 
signal quality (SNR) and waveform design
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[1] Grewal, M. S., Weill, L. R., & Andrews, A. P. (2007). Global positioning systems, inertial navigation, and integration (2nd ed.)

*Assume 1 MHz code bandwidth



Timing Impacts: PNT Solution Error Bound

The Best Linear Unbiased Minimum-Variance Estimator (BLUE) 
for a GNSS solution is found by Weighted Least Squares (WLS)

• Requiring 4 or more satellite pseudorange measurements, 
each with their own independent ranging error

A typical four state WLS solution consists of

• x: Receiver state vector (example state consists of 3 position and 1 clock)

• H: Linearization of pseudorange equation around current state 
(i.e., the Jacobian relating changes in state vector to changes in 
pseudorange measurements)

• ai: Unit vector between linearization point and the ith satellite position

• p: Pseudorange measurement vector with gaussian errors

• R: Covariance matrix of the ranging measurements

• ∆𝑝: Pseudorange residuals 

• ∆𝑥: State update vector

• dx: Error in state update vector

• dp: Error in pseudorange residuals

Takeaway: PNT Solution accuracy is dependent on two primary factors

• Satellite geometry (expressed in the covariance estimates H matrix)

• Ranging accuracy (expressed in the covariance estimates R matrix)

[1] Kaplan, E., & Hegarty, C. (Eds.). (2005). Understanding GPS (2nd ed.)

𝐻 =

𝑎𝑥1 𝑎𝑦1

𝑎𝑥2 𝑎𝑦2

⋮ ⋮

𝑎𝑧1 1
𝑎𝑧2 1

⋮ ⋮
𝑎𝑥 𝑁−1 𝑎𝑦 𝑁−1

𝑎𝑥𝑁 𝑎𝑦𝑁

𝑎𝑧 𝑁−1 1

𝑎𝑧𝑁 1

∆𝑥 = 𝐻𝑇𝑅−1𝐻 −1 𝐻𝑇𝑅−1∆𝑝

WLS Solution

WLS Solution Covariance

cov(d𝑥) = 𝐻𝑇𝑅−1𝐻 −1

d𝑥 = 𝐻𝑇𝑅−1𝐻 −1 𝐻𝑇𝑅−1d𝑝

Error in WLS Solution



Thank you
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Antenna Requirements

Pictures of antenna’s in use, and associated band



Assessment of Potential System Interference through Radio Frequency Compatibility 
Analysis on Existing GNSS Frequencies by Emerging LEO Constellations

• System design must comply with Recommendation ITU-R M.1831

⁃ ➢ Effective C/No 

⁃ ➢ C/No degradation 

• Possible to transmit LEO PNT signals in L1 by limiting power levels and modulation method selection 
to avoid GNSS C/No degradation

Applicability to LEO-PNT
LEO PNT transmission in L1



Applicability to LEO-PNT

L-Band considerations
Prior studies…. 
Gmv LEOPARD Project

• LEO CDMA scenarios lead to Excessive Multiple Access Interference 
(MAI).

• Assuming 60 dB-Hz nominal PoG, GPS C/A-Like signals lead to a C/No 
plateaux ~46 dBHz for “OneWeb-like” constellation (about 14 dB of 
MAI!)

• S-Band assumed

• -> Higher power CDMA signals from LEO (S-Band) can cause self interference.



Definitions

L, S, C, Ku… bands

521-2002 - IEEE Standard Letter Designations for Radar-Frequency Bands

Gennifer to Clean up



Prediction of building entry loss ITU-R P.2109-2

Recommendation ITU-R P.2109-2 (08/2023)

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.2109-2-202308-I!!PDF-E.pdf

Model was developed with empirical 

data from ITU-R P.2346, and ITU-R 

P.2040

Traditional vs Modern building 
construction

“Typically, the presence of metallised 

glass windows, insulated cavity walls, 

thick reinforced concrete and metal 
foil back cladding is a good indication 

of a thermally-efficient building.”

https://www.itu.int/dms_pubrec/itu-r/rec/p/R-REC-P.2109-2-202308-I!!PDF-E.pdf
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