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Propagation of LF Signals

A ——

* Low Frequency (LF) signals propagate along the
ground (groundwave or surface wave)

- Follows the earth, not line of sight

 Signal bends/diffracts around most objects since they
are smaller than the wavelength of the LF signal

 Signal can also reflect off the 1onosphere (more later)




E and H field (Radiation Field)

 Signal
" E field propagates as

e | T B
| ‘ electric and
. magnetic field
L ¥ In phase in
time
90 deg out of

phase In space




| oran Groundwave

Propagation Effects

The signal is delayed, distorted and attenuated
as wave propagates over ground

~-Dependent on factors such as ground conductivity,
permittivity, roughness, etc.

Delay: General trend - it is “slower” when hot

and humid, it is “faster” when cold and dry

Distortion: Different frequencies have
different delay — envelope delay different than
carrier

Attenuation: Poor electrical conductivity and
rough terrain results In greater attenuation



Propagation Delay

True Propagation Time = PF + SF + ASF

Primary Phase Factor (d/v) SF(d) _

* First two delay factors (PF, SF) can be determined
knowing the distance from transmitter to receiver

o Additional Secondary Factor (ASF) is dependent on

»-Terrain: 1.e., ground conductivity, permittivity, moisture
content, elevation, etc.
e Changes with time (temporal) and travel path (spatial)

- ASF represents a major uncertainty: 300 m or more of
range error

»- ASF estimate required for better accuracy, bound on
variation from nominal necessary for integrity




Variation of Envelope Relative to

Carrier
ECD = -8usec
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The envelope of the signal is used to determine the zero
crossing used for tracking

If ECD differs from prediction by more than 5 microsecs,
misidentification of tracking point will occur




Millington’s Method

dy

AN A

> d2

 Millington’s Method determines ASF, attenuation by
dividing heterogeneous terrain into distinct
homogeneous segments of different conductivity

« Calculate differential attenuation, delay assuming
due to the segment

* Reciprocal path values calculated and averaged

~
r




Newer ASF Methods

ﬂﬂﬂalm - Loran-C ASF/55 Modeller

W Generate radial list file | Transmitter Power k! Mominal ECD -
williams 400,00 1.00
W 3
Dotions o Bl ShoalCove 560,00 0.00
~——— ¥ Grid Radial data George 13;3'3[-'3'3 ggg .
: PortH ardy . :
Locat
peatens Caiibiot; 200,00 0.00
C | Mantucket 400.00 Q.00
SHER CapeRace R00.00 .00
FoxHarbour 00,00 .00
| Feady Petropaslovzk F00.00 0.00
ity A00.00 0.00 H

Terrain is known to greatly effect ASF, attenuation,
phase delay

Bangor, Wales Balor model

- Uses Monteath Method
« Being modified to account for earth curvature

- Conductivity, elevation, and coastline databases



Spatial Variation of Signal Strength:
Portland, ME from Carolina Beach

Signal Strength (dB Microvolts/Metre) CapeElizabeth from CarolinaBeach
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Spatial Variation of ASF-:

ASFs (Microseconds) CapeElizabeth from Nantucket
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Spatial Variation of ECD:
Portland, ME from Seneca
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Errors Iin Estimating Propagation

Induced Effects

e Error in estimating phase delay (ASF)
- Results in range error and reduced accuracy

- Actual integrity level does not meet requirement if
bound Is inadequate to cover error

e Error inestimating ECD
»- Can result in improper cycle determination
= Range error of 3 km or more
- Undetected integrity fault
e Error in estimating SNR
- Reduced availability



Interference



Loran Skywave




Extreme Example of Early Skywave Dana, IN
to Wildwood, NJ (591 NM)
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Loran and GPS Propagation
Errors Analogy

Noise

Loran GPS Effect
ASF (phase lonosphere, Tropo delay Signal delay that varies
delay) spatially, temporally
ECD Code-Carrier Divergence Reduces ability to track
signal
Signal Strength lonosphere Scintillation Degrades SNR
Variations
Skywave Multipath Interferes with signal
Reradiation Reradiation Signal distortion
CW interference | Man Made interference Jamming, etc.
Atmospheric Background Noise Degrades SNR

e Can use analogy and experience in designing integrity for GPS

to help with Loran integrity




Mitigating Errors



RNP & HEA Requirements for

Loran
Performance RNP Value HEA Value
Requirement

Accuracy (target) 307 meters 20 m, 2 drms
Monitor/Alert Limit (target) | 556 meters 50 m, 2 drms
Integrity 10-"/hour 3 x10°
Time-to-alert 10 seconds 10 seconds
Availability (minimum) 99.9% 99.7%
Availability (target) 99.99%
Continuity (minimum) 99.9% (150 seconds) 99.85% (3 hrs)
Continuity (target) 99.99%

*Meeting Integrity (with adequate availability & continuity is the
most challenging and critical requirement for aviation

I ntegrity drives many of the design choices for enhanced Loran




Timing and Frequency

Performance Requirement Value

Frequency Accuracy (target) 1 x 10-13 averaged over 24 hours
Frequency Accuracy (desired) 1 x 1012 averaged over 6 hours

Frequency Accuracy (minimum) |1 x 10-*! averaged over 1 hour

Antenna No External Antenna (desired)
Legacy Use Backward Compatibility (desired)
Integrity Data Minimum “Use/No Use” flag
Timing Data Time Tag, Leap Second Info

Timing Accuracy at the user’s < 100 nsec (RMS)
receiver

Differential Data Update Rate < once/hour




Philosophy

* Treatment of hazards determines whether they effect
Integrity/accuracy/availability

* Bound errors due to various hazards (to integrity)
»-Collect data and determine models for hazards

- Determine if corrections are necessary and how they
should be implemented (HEA)

= Map model for hazards into range domain bound using
Integrity (HPL) equation

 Warn/Alert on hazards that are not bounded

- System unavailable during warning (best for rare events)
- SNR penalty (affects both availability & integrity)



Loran Hazards & Mitigation

Category

Transmitter

Hazard

Timing and Frequency Equipment
Transmitter and Antenna Coupler
Transmitter Equipment Monitoring

Mitigation

Bounds (Testing), Monitoring

Bounds (New Equipment), Monitoring

N/A

Spatial variation of phase along approach
Temporal variation of phase

Error Bound (Position Domain)
Error Bound (Correlated & Not)

Propagation | Spatial variation of ECD along approach Error Bound
Temporal variation of ECD Error Bound
Temporal variation of SNR Debit to SNR

Platform dynamics N/A

At the
Receiver

Atmospheric Noise
Precipitation Static
Skywaves
Cross-Rate Interference
Man-made RFI
Structures
Receiver Calibration

Receiver Processing
H field Antenna
Integrity Monitor & 9t Pulse
Receiver Processing
Survey & Calibration
Survey & Calibration
Error Bound




Bounding Phase/ECD Errors



Bounding Phase Error

HPL =KRNP\/Z Ko +|> KB+ > |Ky|+ PB

2
a;

kterrain uncorr
i

> 2 2
Oi =0 ¢(snr) T O TempPhase

Vi =

Spatial Phdse in
. uncorr
PB = Z Ki SpatialASF ,i

I

First term = 2'random errors (transmitter jitter, receiver noise). Treated as uncorrelated
from transmitter to transmitter.

Second term = Correlated phase bias error from temporal variation (proportional to range)
Third term = Uncorrelated phase bias error from temporal variation
Fourth term = Position domain bound for residual spatial ASF error

Carrelatdd Temnaoral Phase

/Bi _ kiterrainkcorrelated d

TempPhase

i,land




Model for ECD, ASF

At Aircraft Location
User ASF, ECD will
differ from provided
ASF , ECD

Mean ASF, ECD
Value At Calibration
Point x, Provided

+ ASK i + ASF,

ASF = ASF__+ ASF

temp patial ,altitude
ECD — ECDnom + ECDtemp T ECDspatial + ECDspatial,altitude
User rx Nominal Difference from  Difference from Difference from
value value at cal pt cal pt due using a different  using a different
seasonal changes location altitude

ook up table Is to be provided to user (at each calibration pt)

*Variations from calibration due to spatial & temporal factors



Model for HEA

Differential Correction:
eliminates most temporal
variation of phase/ECD

N

Reference

. Station

Correction Grid: eliminates most
spatial variation of phase/ECD

e Only small residual phase/ECD uncertainty left

o Currently examining grid density required to achieve HEA
accuracy




Temporal Variations

As weather changes, properties such as terrain
conductivity, permittivity, moisture level changes

Results in different propagation speeds and variations
In the delay on the pulse

Hence, the phase delay (ASF) and ECD varies in time
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Latitude (deg)

Historical ASF

Historical Estimate of ASF (1 Standard Deviation)
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Example of Southeast US

variation in ECD

7980Z: Carolina B @ Malone

Baseline = 760 km, 240392 samples, Geomag lat = 43.5 deg

10°

Sjuno)d

ECD - usec



Spatial Path Variations
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Spatial ASF PD Bounds: Little
Rock, AR (Max with 1 Loss)

LittleRock Max Pos Err (ARP only) due to Spatial ASF stations: 10 (9)

350

s @m
f/
{ L;|ittleRock
Y /
[ #\‘\_ . re 7

$4&x W Loss, Cal Pt[-6.7 0 874

35
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120 (m)

115

10

Little Rock, AR

9 out of 10
Stations (worst
case 1 loss)

Typical inland
(non Rockies)
case — Non
coastal, no
significant
terrain

Max PD
Bound: ~37 m




Spatial ASF PD Bounds: Portland,
ME (Nominal — 7 Stations)

Portland Nom Pos Err (IRP int ) due to Spatial ASF stations: 7

438 N

43?DN .1 l L
| |

436 N

435 N

705" W it s¥is, Cal BPE1%0 0 10 B-AntY 70.0°W

110

100

90

- 80

170

160

150

(m)

 Portland, ME
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 EXxtreme case -
junction of sea
and land;
mountalnous
terrain

e Paths change
from mostly land
to mostly sea
water for Carolina
Beach

e Max PD Bound:
~110m




summary

Propagation effects are responsible for the largest
uncertainties in Loran measurements

Interference is also significant

- Early skywave can cause significant distortion of signal
- Fortunately rare in non-Alaskan US

Providing integrity requires that adequate bounds on
uncertainties are derived

- Integrity requires that worst case be examined

LORIPP and LORAPP assessments suggests that
enhanced Loran can, with proper design, meet the
requirements of aviation, maritime, & timing and
frequency
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Example of seasonal variation in ECD
In Northeast US

8970X. Seneca @ Dana Baseline length = 944 km
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Processing Gain for
Atmospheric Noise



Averaging a Pulse

Mumber of Pulses Averaged = 1

W
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« Eliminate (Punch out) time blocks where noise is above a threshold

= Essentially, eliminate x% of signal and y% of noise energy (y > X)

-

More effective for more impulsive noise

» Threshold can be dynamic — based on expected SNR
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Temporal Variation Model

ASF, (t) = ASFy 1ean + STOA(1)*dy g +C (1) + &y (1)

Variation of spatial correlated coefficient for Sandy Hook
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I\/IiIIington’s Method
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The Ideal Loran Slgnal
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Atmospheric Nolse



95% CONUS Noise Map During Worst
Period at Each Location (CCIR)
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Loran Envelopes with Noise

Envelope [Volt]

| ” ’ | Baudette
0.1-] Il || ' i / _
005 L L . l i
I
0 , L TG iY Y W WY (W« N N P
0 0.5 1 1.5 2 2.5
Time [psec] x 10*
0.5+ -
= 0.4 | ‘ : B
S I 120 Hz Noise
2 03 | / |
o I
(O] ! l
g 0.2] §
’ |
0.1 e ‘ ! ' : >
) e . w D AEE "/ v 1 o Ao < | 0 ok o ..)5--“’\| "l ing I IR aeh >' ’e pC A '3 e "“ || ISAENS i SR - SN P
O . " b r S a ‘ “E- A t:k.A » ) -L‘A’:A.lt ._..‘i‘-;,,A;AA .“ ; Ik . Ay kA,“L.'A,L Lij e 9 Y'A ,;.1‘ b Y _1AI.L. .. ‘.AV
0 0.5 1 1.5 2 2.5

Time [usec]

4

x 10



High Noise Measurements
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Reradiation Effects

A severe (negative) effect of
bridges with E-field antennas —
within a good distance to either
side

Data collected shows that the H-
field antenna experiences some
effect, but only when in the
Immediate vicinity of the bridge.
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