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A0S This report presents the results obtained from a series of tests and related anaiyses detailing
2 :: the effect on LORAN-C receivers of unwanted interference similar to that which can be created by
IS radio communications and radionavigation facilities operating within the 70 kHz to 130 kHz
o]
Ves. frequency band.
;;::{ While LORAN-C transmitters are required to transmit a minimum of 99 percent of their
A0 !
;$ radiated power within the band 90 to 110 kHz, LORAN-C receiver bandwidths must be greater than !
fz:e:._ this amount in order for the receiver to effectively operate. Thus, the receivers should be regarded
‘!
k as vuinerable throughout the broader frequency band 70 to 130 kHz.

The results of this activity are to be utilized by the U.S. Coast Guard in preparing a set of

recommendations to be presented to the International Radio Consultative Committee of the

R
N Ry
A

."“»?‘." International Telecommunications Unian in support of the U.S. Government's request for protection
bl . of the LORAN-C radionavigation system.

; The principal data gathering effort was accomplished by the USCG Electronics Engineering
‘.:: ’ Center (EECEN) in accordance with a Test Plan prepared by the U.S. DQT/Transportation Systems
A Center.
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GLOSSARY OF FREQUENT ABBREVIATIONS

cA

cwi

EECEN

LRTCII

rms

rss

SIR

TO

MTDE

wB

NB

S.D.

FSK

SNR

GRI

Combined Accuracy
CA = (MTDE2 + TD2)'?

Continuous Wave Interference
USCG Electronics Engineering Center
LORAN Receiver Test Compliex li
root mean square

root sum square
Signai-to-Interference Ratio
Time Difference

Mean Time Difference Error
Wideband

Narrowband

Standard Deviation

Frequency Shift Keyed

Radio Teletype
Signal-to-Noise-Ratio

Group Repetition Interval
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3,‘ . 1. INTRODUCTION

!h’-

.'-»( This report describes the results obtained from a series of tests conducted by the U.S. Coast
P Guard and the Oepartment of Transportation (DOT) Transportation Systems Center (TSC) contractor
; ; personnel at the USCG Electronics Engineering Center in Wildwood, N.J., in accordance with
. Iy instructions contained in DOT/TSC, “Test Plan to Develop Revised LORAN-C Protection Criteria®.

L)

»_‘ ; The purpose of the tests was to subject five typical LORAN-C receivers to harmful radio
;’(. communications interference. The conclusions derived from this effort have been utilized by
_:j DOT/TSC and the USCG to support the U.S. Government’s request for protection of the LORAN-C

- radio frequency (RF) band 70 to 130 kHz.

Between frequencies 70 kHz and 130 kHz, a number of different radioccommunications and
radionavigation services worldwide have been approved for transmission on specific frequencies by
the International Telecommunications Umon (ITU). When these signals overiap with sufficent
intensity, they oroduce harmful interference affecting these services.

for

The International Radio Consultative Committee (CCIR) of the ITU has responsibility
farmulating recommendations on an international level regarding use of the radio communications

and radionavigation frequency spectrum. Secause of the adverse consequences of some types of RF

interference on radionavigation systems, particularly the Decca Navigator system and the LORAN-C

:} radionavigation service, the CCIR solicited technical advice from the advocates of the Decca system
t',(-‘- and from the U.S. Coast Guard regarding the LORAN- C system.

o

: S It 1s necessary to recognize that safety considerations relevant to performance of the LORAN-C
O radionavigation service {and also the Decca system) make it essential that they be able to operate
::::: free from harmful 1nterference.

R.'.. Ca
-\ Whtie LORAN-C transmitters are reguired to transmit @8 minmum of 99 percent of heir
-c:'}. ragiated scwar aitren tre 0and 30 <=z 10 110 <Hz, LORAN-C receiyers requir2 Dargw:alrs graatar
L] tnar 20 <=z -norger or tre racaivar 10 0e 2itectve

(i

::::::‘ The proolem of aroviding suitadle protection o the LORAN-C and Decca Navigator sysiam™s
S:::;' nas oeen under study Jy the intermrational Telecommurnications Union ((TU) During i1ts 15th Plerary
}:;:' Assembly (Geneva, 1982) the CCIR concluded in Report 915° that for planning ourooses, whnen
t acceotance of a new transmitting sigral 1s considered within the 70 kHz - 130 kHz band, the Decca
’v‘:;-': Navigator system shouid be orotectad dy assuring a nominal relative signal-to-interference buffer or

:,;: ratio betwean the system and the new transmission of « 5 a8 Apn acditional allowanrce of -/ a8

‘;;Z: was allocated 10 orotect the Decca sysiem from skywave irterferenca at might. The ¢ritera were
3_,._ Zeveloped from data cotaired .n 'abaratory t2sting
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Itwas desired to prepare a similar, quantitatively-based criteria, for protection of the LORAN-C
radionavigation system; however, the appropriate test data were not available when the U.S.
Government submission was prepared.

The guidelines for preparation of the U.S. response are in CCIR 'Question’ 33/8 which reads as

follows:

CCIR QUESTION 33/8

1- What system parameters must be defined to assure compatability and to avoid
harmful interference between the radionavigation services and other services
authorized in the bands between 70 kHz and 130 kHz;

2- What system factors may cause interference between different types of
radionavigation systems operating in these bands;

3- What ooerational characteristics should be recommended to avoid mutual
interference between stations prowiding the same type of radionavigation
service?
A U.S. Government response to these concerns, prepared by the U.S. Coast Guard, was
formulated as an Amendment to the CCIR's Report 915. It required supporting data which could pe
Jsed to correlate types and relative strengths of RF transmissians appearing in the 70 kHz to 130 kHz

oand with the performance of typical state-of-the-art LORAN-C receivers.

When available, the data were to be synthesized as a protection critéria and subsequently

used to assist in evaluation of requests for new frequency assignments within this band.

The U S. Coast Guard’s Electronics Engineering Center (EZCEN) was given the task to conduct a
sertes of tests which would provide the basis for a quanutative response to the ‘Question’ 33/8
araviously cescribed. IZCEN was assistad in this effort by tre DOT/TSC, at Cambridge, MA, wnich
orepared the Test Pan arg comoleted aralysas of data. The data were subsequently used 0

frLIdTe 3 1T teTa fCroassus g COmDatDiily Attt DTher 3uttorized f3C'0ravigatcer s,512ms ard

"

340 CaAnC2 37 mar ~ezrizranc2 geTwes” arg 3rorg Tte serC2s 2LINCrzzC TO oCerEte v Iim o

-

¢

Tris report Jesctoes tre deveiQoment ar the test (rtera, the Tasls unceraxen oy TICEN, tre
~ature of tre nterferences .moosed on the five seiectea _ORAN-C recewvers, rasults and <onciusions

opbtained from araiysis of tne data.

The report ~cluces suggested ¢rn-era ‘or protecton of tre LORAN-C radionavigation systam,

ara offars a orocadqura for assessing "re 27fe¢t of muitiole nterfaring signals on LORAN-C racaiver

ser‘ormance.




2. BACKGROUND
2.1 GENERAL

LORAN-C receiver performance is susceptible to two general types of radio frequency

interference:

e Those of an amplitude form which modulate the LORAN-C signal envelope or mask the
desired zero crossing (tracking) point due to the signal strength of the interfering RF
transmission;

e Those which are synchronous or near-synchronous, in the time domain, with the spectral
fines associated with the LORAN-C pulse rate in use.

Because the ITU authorizes several radionavigation, fixed, and maritime mobile services in the
bands between 70 kHz and 130 kHz; and because these radionavigation systems may be either pulse
or continuous wave (CWV); and because typical LORAN-C recewver systems must be capabie of
acqguiring and subsequently tracking reiatively weak transmissions, it was necessary that the
rnterference tests be capable of measuring recerver performance under varying but xrown and

controiled conaitons of relative signal-to-interference fietd strength and interfeing ifrequency.
2.2 TYPES OF INTERFERENCE

Tre recogrized reference for defiming LORAN-C signal character:stics, required receiver
performance, types of interference and their potential effects is the ATCM SC-70 publication,
Mimimum Performance Standards (MPS) for Marine LORAN-C Receiving Equipment2 as described in
RTCM Paper 12-78/D0-100.* There are three categories of interference and three types of emissions

of concarn 20 LORAN-C recetvers discussed therein and reviewed below.
2.2.1 Synchronous Interference

Syncnronous transmissions are thase whicn groduce spectrat lines which are \n phase with
shose of tre LORAN-C ourse oattern  Trey cause a corstart 2rror n the measured _ORAN-C ume

T ¥faranc2 1 TD) apa TrUs £ t3C.0raviGation 3CCLraEdy
2.2.2 Near-Synchronous Interferance

Near-syrehrorous Transmissions, wrile not 'n orase witn tne [ORAN-C ou.s@ oattarn, ara tnese

~nose speciral ines fail within the oandwidth of the servo tracking 1coo of tne recaiver

Note: Syrchronous/near-syrcnronous interfering signails cause (ncr2ases in the mean ume
difference error (M7TOE) of the receiver througn :heir 2ffect on tre sigral prase

tracxing <Ircuiis

3

A separatz LIPS s neng oreparag for 3aviorics racawvers oy the 2aaio Tacnrical Commisior for
Agroraut (s Nmen cormplenag, separatl 12sis may 0@ aporooriate ‘or avienics cORAN-C recevers

[




2.2.3 Non-Synchronous Interference

Non-synchronous transmissions of sufficient amplitude to cause interference with the received
LORAN-C signal contribute to an increase in the variations of time difference error about the mean
value and are described in terms of standard deviation (S.D.). This kind of interference is significant
when its relative signal strength enables it to mask the envelope start point, the desired zero-

crossing (tracking) point, or the shape of the LORAN-C pulse.
2.2.4 Types of Emissions

There are three principle types of emissions of concern to this study, Continuous Wave (CN),
Narrowband Frequency Shift Keyed (FSK), and Wideband FSK.

2.2.4.1 Continuous Wave Interference (CWI). Emissions of this type are narrowband and usually can
be rejected through implementation of notch filters. The number of sucn QWI sources can be of
concern. When the frequency of the CW interference lies within the 90 k=z to 110 kHz frequency
band, special consideration must be given to its possible effect since application of notch filters
within this band may degrade the receiver’s abiiity to evaluate enveiope shape and thus may prevent

the receiver from lacking an to (acquiring) the desired tracking point (cycle).

2.2.4.2 Narrow Band Frequency Shift Keyed (FSK) Communications. Emissions of this type consist of
nands of energy centered about a specified carrier frequency. The frequency shift usually occurs

within a range of 150 to 400 Hz. One of two frequencies is being emitted at any instant.

2.2.4.3 Wideband Ffrequency Shift Keyed (FSK) or Multichannel Radio Teletype (RATT)
Communications. Emissions of this third type are similar to narrowband FSK except that the
transmissions are completed on several channels which are changed at arbitrary intervals and spaced

over several kHz.
2.2.5 Summary

Data were reguirad “or 2ac~ of The ComoINatonrs of intariarenca surmmarzed N “aoe 2-°

e TABLE 2-1. DATA REQUIREMENTS BY TYPE OF INTERFERENCE
CATZGORY OF INTZRFZRENCE
MQOE TYPE OF SMISSION SYNC NEARSYNC NON SYNC
Acguisition CW Interference -- X X
FSK Narrowpband - X X
FSK Wideband - X X
2-2
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SN 3. TECHNICAL APPROACH
£ -
AT
A 3.1 GENERAL
XS
\}2 Facilities at the USCG's Electronics Engineering Center (EECEN) were utilized for the tests since
3" 1Y . . . - .
F- 1 they offered the capability to simulate unwanted RF interference, the specified LORAN-C signals and
) the environmental conditions of interest.

T 3.2 FACILITIES AND EQUIPMENT
N
39 |

) 3.2.1 Navigation System Simulator

‘\"‘4 The simulator complex, which employs the LORAN-C Receiver Test Complex (LRTC 11)3 as its
<‘ primary instrument, also includes:

S .
~';:- ® Rockland Remotely Programmable Frequency Synthesizer, Model 110 narrowband CW
?__ generator

‘;‘_:"- o Hewlett-Packard Automatic Synthesizer, Model 33038 wideband, muiti-channel, FSK
N emulator

+74

~ - o Wavetek HF Sweep Generator - narrowband FSK emulator.
:::: The LRTC il i1s a second generation (Coast Guard designed) receiver test facility located in a
?:ﬂ: dedicated faality within the £EECEN. The simulator provides repeatabie (ana fully documented)

-
‘-" signal conditions for measuring the performance of LORAN-C (and LORAN-D) receivers. It features

high accuracy and resolution and provides means for complete control of the LORAN pulise. In

addition, it offers a full compiement of interference sources, including a simulated atmospheric

e O

'y
»

noise source. The system is buss oriented with all parameters controilable from a central locaton.

E N 8

o

v
2
-

3.2.2 LRTCII Setun |

P . be® 2 ¥
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A Tne LRTC I was set uo as ‘ollows (see Figure 3-1):
o
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LRTC IT

LORAN-C ’
SIMULATOR I

PROGRAMMARBLE
FREQUENCY
SYNTHESIZER

I
I
ROCKLAND I
l
|
I

e e e e

HP 33308
AUTOMATIC
SYNTHESIZER

«— |EEE-488 (CONTROL)

HP 98258
CALCULATOR

o — ——

[space [
COUPLING |
NODE

FIGURE 3-1. LRTC Il EQUIPMENT SETUP

RECEIVER

UNDER TEST

eI




LAk o o -v-"ﬁ

Control Parameter Setting
® Group Repetition
Interval (GRI) 9960

® Stations M, W, X,Y,Z (M is the master station) (W,X,Y,Z are secondary
stations) (W is used to evaluate performance)

¢ Signal Strength M-70, W-40 (Referenced to dB/1 microvolt/meter)

® Atmospheric Noise SO dB/1 microvolt/meter (1/3 SNR for 9960-W)

® Gaussian Noise OFF {except as noted in Section 4)

® Skywave Interference OFF

® Envelope-to-cycle

differences M 1.0ps; W, X,Y,Z-1.5us
e Cross-rate Interference OFF
® RF Interference As necessary to determine receiver error.

(1) Relative field strength or ‘Signal~to-lnterference Ratio (SIR) - varied within the range
+30dB to-50d8.

(2) Kinds of Interference - LRTC Il adjusted to simulate near-synchronous and non-
synchronous intarference 1n accordance with the Test Plan.

(3) Types of Emissions - LRTC |l inputs varied to produce CW!, narrowband and wideband
FSK in accordance with the Test Plan.

e Specific Interferences:

- QWI, near-synchronous to be set within 0.006 Hz of the LORAN spectral line; e.g.,
within the servo bandwidth of the receivers.

- Frequency Shift Keying, (Fl) (narrowband); set up a single channel with 170 Hz shift,
one tone to be near-synchronous.

- Multiple-Channel Freguency Shift Keying, (F9); set up utilizing 11 channels, 3 kHz total
bandwidtn

3.2.3 State-of-the-art LORAN-C Recaivers

Five LORAN-C recaivers were provided to the USCG oy 7SC. 'nree marirne and “wo airoporne
radionavigation (RNAV) systems. The receivers were of hard himited design and were serected
because they were typicai of those availabie in the marketplace. The three marine recervers
represented the high, medium, and low ends of the market whle the two airborne recevers
represented the medium ancd low end of their respective market. Thus, their response to the RFI tests

were representative of the manner 1n which most state-of-the-art receivers would behave under

SImMiar ¢ir¢umstancas.
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b 3.2.4 Setup of LORAN-C Receivers
bLY The notch filters were to have been disabled in each receiver. However, as will be discussed in
N .
S Section 4, the procedures recommended by the manufacturers were not always successful.
% . . _
LAY The receivers were operated using Group Repetition Intervai (GRI) 9960 which is the assigned
) GR! for the Northeast United States.
Lt
e
3.3 PARAMETERS OF TESTS
Yl
i .
3.3.1 Assumptions
o ® Receiver bias error would be constant (or could be normalized) for the tests;
*.
LN
{. . . 4
A ® Receiver tracking bandwidth could be established through step response tests as described
"-:j in the USCG's “Five Day Test ?tan” -- Project WQ344- A4
®
¢ Inseruon of interference into the simulated LORAN-C signal with simulated atmospheric
e noise would permit estadlishment of 0.3 microsecond error hmits for a band of
j;k frequencies. It was expected that the receivers would exhibit less susceptibiitty as the
L
N interfering frequency, f, was displaced further from 100 kHz;
"-_\' ® The LORAN-C signal strength as measured at EECEN s representative of typical service
Py R . .
j»-.}-‘ areas. Thiswas used to estabiish signal levels for all stations. .
A"
Y
-
A 3.3.2 Types of Tests
et
A 3.3.2.1 Freguency-Related Forms of interference. CCIR Report 915 as amended by Revision | states
1
: that a 1.0 Hz protected bandwidth around LORAN-C spectral lines s desired. This is predicated on
;\. “re opsarvaton that marire recetvers typrcaily axhioit a rasponse of 9 01 Hz, that airborne recaivers
LY . . . .-
y 2~ 213 72s00rs@ 0F 3 =z, ard trat asafaty factor of (01 s Lt cert to germit ~orrmai recaiver
b operaton Tovenfy thiscriternion, the racaiver trackirg harcwiain wvas determined for each recaiver
N
)-.4: 3.3.2.2 Amplitude-Related Interference. Tre rmssigral ievel of the LORAN-C ouise, as defined at the
;{:}; standard sampling point, was compared with the rms level of the interference to obtain a measure
nx

of signal-to-interference rato (SIR).
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3.3.3 Test Criteria
The principal criteria of testing were:

1) verification of the characteristics of receiver tracking bandwidths of less than 0.01 Hz for

marine receivers and 0.1 Hz for airborne receivers;

2) determination of the combinations of emitter frequency and relative signal strength at

which the LORAN-C test receiver accuracy degraded to 0.3 microsecond.

The 0.3 microsecond time difference error is that which is allowed in the RTCM Minimum

Performance Standards,2 the U.S. standard for measuring performance of LORAN-C recetvers.

3.3.4 Test Procedures

3.3.4.1 Receiver Biases. All idenufied receiver biases, determined before introduction of any
interference, were tagged and eliminated from the data before assessing TD error performance. The
Test Plan required that the receiver undergoing test be held at the correct tracking point, 1.e,,

nominal 0.0 microsecond TD error.

3.3.4.2 Tracking Bandwidth. The tracking bandwidth of 2ach receiver was established in accordance
with the procedures outlined in the Coast Guard's standard “Five Day Test Plan™. The objective of
this test was to confirm that the "typical’ receiver servo bandwidth was less than 0.01 Hz for marine

recervers and 0.1 Hz for airborne units.

3.3.4.3 independence of Measurements. All observations and measurements taken during the
interference tests were controlled and or timed to be statistically independent (95 percent

confidence).

3.3.4.4 Validation Tests. The TSC team returned to ZECEN foilowing assessment of the data
gatrerad during :re or'ncoai signal-to-interfararca ratio tests for the ourpose of conducting aseres
of test vahdation maasurameanis Tnese tesis ncuded a .mited samoie of re¢aiver acauiston 1ests
as weil as a reoeutuon of sefectad sets of SiR tracking measurements. Gaussian and atmosorerc
noise sources were employed. Correlation of required signal o noise revels with selectad nose

sources was made.

3.3.4.5 Retention of Data. All test instrumentation set-ups and tests were documented so that they
could be repeated at a later date as required. All raw data acquired during the test program and
related project notebooks will pe retained for a period of 5 years. This will insure that suoportive

data s available throughout the next CCIR 4-year cycle.




3.4 SIMULATING INTERFERENCE AND SELECTING FREQUENCIES3

3.4.1 Near-Synchronous Interference

In this test program the effect of near-synchronous interference was evaiuated by setting the

carrier frequency (f) of the interferer so that it satisfied the relationship:

N <f
fe=3eril <'v

where f, is the tracking bandwidth of the receiver, N is any integer and GRI is the LORAN-C Group

Repetition Interval (GRI) under consideration.

Near-synchronous interference frequencies throughout the 70 to 130 kHz band were mixed

with LORAN-C signais. Spectral spacing of 0.006 Hz was maintained at each test frequency.

3.4.2 Non-Synchronous Interference

The effect of non-synchronous interference was evaluated by setting the carrier frequency of

the unmodulated interference halfway between two spectral lines of the LORAN-C signal.

3.4.3 Emission Bandwidths

The combinations of frequencies, types of emissions and modulation indices in use by various
agencies is enormous. Tests for all combinations would have been impractical. The following test

conditions were selected as representative of emission types.

® CW Emissions - bandwidth less than 6 Hz, within 0.001 Hz of f, where f, is the interfering

frequency.
® Narrowpard FSK * 85 Hz modulaton, canterad apout f, 3aud Rate 110

® ‘Nidepbard “SK - '0 cnanneis, 300 Hz spacing, centered about f-, with totai amission

bandwidth of 3 <Hz, 3aud Rate 3C0.

3-5
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Jaul 3.5 FREQUENCY ASSIGNMENT
\. ‘.‘:' . . :
‘-j-*' 3.5.1 Nominal Assignment j
LS ;
f., » |
"::.;; Frequency assignments for the signal to interference tests were spread throughout the 70 to ‘
), |
"-\ 130 kHz band. Ten frequencies were evaluated for QW and wideband FSK interference. Evaluation ]
V) !
.,-‘ of only five frequencies for narrowband FSK were made since perfarmance patterns became obvious
::‘_ after conducting the CW and wideband FSK tests.
Y
5 :{ The nominal frequencies of the interferences selected were:
\h
a. 72kHz f. 101 kHz
} ; b. 78kHz g. 107kHz
¥ p )
\(] ¢. 84«Hz h. 113 kHz
G d. 90kHz I 119kHz
ypehy e. 96k%Hz i 125 kHz
' :-',' 3.5.2 Specific Frequency Assignment
‘:T The specific frequencies selected are shown in Table 3-1 and were derived as follows: ‘
. - i
. a. For near-synchronous types of interference, the specific frequency was selected from:
. :’_é f, = f; + 0.006 Hz, where f; was the closest spectral line to the nominal frequency.
Y
;{ b. For non-synchronous types of interference, the specific frequency was identified from:
‘: f, = f; + 1/2 spectral spacing.
2 ¢. Frequency Caiculations: Since Loran is a pulse modulated transmission, it has discrete
"{ } spectral lines. The spectral line spacing 15 inversely proportional to the pulse rate or Phase
<!
‘-w Code interval (PCl):
[n i
9 0 .
. “' = —T yro—— ( )
e W PCI 2GRI
o where: i, = spectrailine spacing
‘ .*1
%{4 ?C! = Phase Codeinterval
‘1
K{ GRl = Group Repetition Intervai
L
NG for: GR! = 99600 microseconds
ol
v |
{f- et (2) ‘
a2 30 2(99600 us) !
\ !

o
T

. £ =50201 H: (3 |
~

o

LSRN

-

N 3.7
'h\

o

»,

YN

b ".4.

N SMU Mt T WP "R
, AR e

W,



TABLE 3-1. SPECIFIC FREQUENCIES

INTERFERENCE APPROXIMATE NEAREST
NOMINAL PERIODS IN FREQUENCY SPECTRAL LINE SPECTRAL LINE
FREQUENCY 1300uS (Note 1) (Note 2) NO. (Note 3) FREQUENCY

72 kHz
78 kHz

84 kHz
90 kHz
96 kHz

101 kHz

107 kHz

113 kHz

119 kHz

125 kHz

936
1014
1092
1170
1248
1313
1391
1496
1547
1625

72038 Hz
78038 Hz
84038 Hz
90038 Hz
96038 Hz
101038 Hz
107038 Hz
113038 Hz
119038 Hz
125038 Hz

5570
4374
3180
1984

790

206
1402
2598
3792
4988

72038.153 Hz
78042.169 Hz
84036.145 Hz
90040.161 Hz
96034.137 Hz
101034.137 Hz
107038.153 Hz
113C42.169 Hz
119036.142 Hz
125040.161 Hz

Notes:

{1) Solving nin equation 6 using the nominal frequency and truncating to an integer

(2) Solving for f, 1n equation 6 using n from column 2.

(3) Evenspectral lines were used to avoid phase code uncertainty between grouos.
Number of spectral lines from the 100 kHz carrier frequency solving for N.in
equation 4.

The spectral lines are centered around 100 kHz.

To find a spectrai line,

soectral line frequency

2
3
(1]
~
a
w
{]

N = aninteger

100 kHz carrier frequency

—
)
"

Next, the effezt of the interference on masier and sacondary stations was considered. “or

a synchronous interference, |f there were integer number of ocericas of .rrerfarerce

between master ard secondary, Doth stations would be "‘n-phase’ ard the O arror

would te minimal because both stations would warder together
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,': This effect was avoided by the choice of out-of-phase frequency selection, partly because
»
AN . .
. ‘( of an amplitude difference between master and secondary, and partly because selection
; ‘1( of interference frequency was restricted to an out-of-phase criterion.
A
! .
’,f‘_-{ Thatis:
1oy
125 n+1/2 (5)
A —=TD
) f.
2 m i
Tl A
A where: f, = interference frequency
{::_: n = aninteger
£ TD = timedifference
or:
[
1Al 6
TD(f)=n~1/2 (6)
a
’{rs d. Modulation Calculations - A Frequency Shift Keyed (FSK) or F1 signal was also used in the tests.
" A binary FSK waveform with a continuous phase and constant envelope was used The
_’.(: general expression for the waveform :s:
2%
K o N - o - . - . (7)
SN Zn=A cos(-nrct-—Zn[d(th))-—B)
P a B
.\ . .
: e where: D(t) = arandom binary waveform with levels <"1 whenb, =1and -1 whenby =0
f. = carrier frequency
BN
-f.w-: fg = frequency deviation
-
o,
by = bitstream, Q'sor1’s
i ' :
'y The instantaneous frequency, f,, is:
fi= fe+ fa(Die)), or (8)
= f. % [yforDiti=1.orbk =1;0f (9
= fptor Do = dloorhe =0 )
e Zor the rasts,
Sl f,= 85mz
;\'- b, = altermating ''s and 0's (squarewave), simuliating a 100 paud data rate, ‘0
B ms per bit.
.\{ For a large frequency shift compared to ihe data rate, major oeaks (n the power spectral
:;-‘T" density curve occur at the ‘reguencies, i + fgand f, - f5. !mpulses corresponding to the
i .
"t discrete ‘requency sinusord components are Not present pbecause:
¢
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2fd= mrb (1

Where: m = anyinteger

ro = bitrate

The exact frequencies used for testing are listed in Table 3-2 below. The frequencies were

selected so that f, + fywas 0.006 Hz from a LORAN-C spectral line.

Multi-Channel Simulation - A multiple channel signal was simulated by using a frequency

synthesizer:
Z(t)= Acos(2nf.t + 2nfilalt)) + 6) (12)
where: a(t) = nfromQto 10

fa

frequency increment

The instantaneous frequency, fj, is:

/): fc + Ny (13)
For these tests, a 3 kHz bandwidth was used. Each frequency step, f,, was 300 Hz. Eleven
discrete frequencies were transmitted, one at a time, with phase continuity preserved.

Each frequency was transmitted for 3 ms.

Interference Amplitudes - The signal-to-interference ratio, as used 1n these tests, was the
ratio of the LORAN-C signal rms volitage at the standard 25 ps sampling point (SSP)*, and
the interference rms voitage. A wide-band, true rms voltmeter was used 10 measure the

interference levels.

TABLE 3-2. FREQUENCY ASSIGNMENTS FOR NARROWBAND FSK

Nomiral Aporoximara
Sreguency (~2) Sraguercy =2 SRR N el | Seoe Foi=yz)
78CC0 78038 77872 175 73042.°75
300C0 3ccao 3987C '67 30040 57
101000 ‘01034 100864 143 101034 143
113000 113042 112872175 113042175
125000 125040 124870167 125040 167

.

As gerired in ine ITCM Minmum Performance Standaras for Marire _CRAN-C Recaivirg

Iguioment.
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4. OBSERVATIONS

4.1 GENERAL

On-site review of the EECEN data and data-tak ng procedures, undertaken as directed in the

Test Plan, revealed several unexpected observations:

1) Remarkably robust performance of marine receiver M, :n the presence of near-

synchronous continuous wave interference (CA!).

2) A high degree of sensitivity 1o TWI! exhibited by marine receiver My, in light of the more

typical performance measured whnen it was subjected to other types of interference.

3) A relative decrease in the sensitivity exhibited by several receivers to interference at 113

kHz.

In ail cases a detailed review of the Z2CEN data, and a verification of the data inrough spot

measurements, has shown the EECEN data-taking procass 10 be sound.

4.2 RECEIVER TRACKING BANDWIDTHS

The tracking bandwxdths of the test recaivers were estmated from measurements of ire
receiver servo loop constants. The response time of each receiver 1o a step charge -n prase 's srown
in Table 4-1. Using the approximation f = (1/2 T}, the bandwidths range from 5 27 kz ‘or tre
airborne receivers, to 0.01 Hz for the marine receivers.* These bandwidths are :n agreement with tre
range of bandwidths assumed in the Test Plan, and validate the selection of frequerc.es 3 206 Fz

from the synchronous lines as "near-synchronous .

TABLE 4-1. SERVO LOOP TIME CONSTANT

T me Oversroo: “ax mu

Recaver Constant Aserage Cversroor
A 2.4 seconcs 'd Csecoras 2 3secoras
A 2.2seconas 8.0 seconcs 3 2secords
M. 4.0 seconds 0.2 seconds 3.1 secorcs
M, 12.0 seconds 0.0 seconds 0.0 secords
M 7 O seconcs 5 6 seconds J 1 seconas

4.1
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4.3 INDIVIDUAL RECEIVER PERFORMANCE

4.3.1 Review of Data for Marine Receiver M,

The data for receiver M;, when compared with data from the other four receivers, indicated
unusually high insensitivity to near-synchronous QW1 for all test frequencies other than 101 kHz, as

shown in Figure 4-1.

The tracking test graphs present Signai-to-Interference Ratio versus frequency in the same
refattonship as is used in ITU-CCIR Report 915, Figure 4-1 presents three curves: the lower one
identifying the locus of points at which the ume difference (TD) combined accuracy (CA) error
reachea 0.15 microseconds; the second curve, identifies the locus of points at which TD CA error

2guais 0 2 microseconds; and the third curve establishes the points at which an error aiarm of scme

“:{.'. 5
e a
U DO

‘A

<ind occurred. Note that there i1s no 0.3 microsecond curve, the M, recaiver annunciated an aiarm

nefore TD error nad 'ncreased 10 J.3 microseconds.

4

i @

The unexpectedly 'ropust gerformance’ of recaiver M; 1n the presence of near-synchronous

.
‘- .‘l
s

) A
[

QW1 s illustrated by the steepness of the slopes of the three curves. The plot indicates that anr

amitier radiating at '00 kHz would create a 0.13 microsecond TO error at LORAN Sigral-to-

NS
e

'nterference Signal Ratio of + 10 dB and would prevent use of recerver M, at -5 dB. .

-

However, note that at points + 5 kHz from the LORAN central carrier frequency the data
'ndicate that SIR may be reduced by 20 dB and at = 10 kHz by % 40 dB, or stated in terms of the -
‘nterferer, the offending emitter can apparently produce a 40 dB stronger signal than would be

tolerable at 100 kHz.

Figure 4-2 comoares the response of all five receivers (o near-syncrronous CAL N s

ltustration, only the 9 3 mucrosecond 7D CA or Alarm _.mit curves are presentaq. Recziver M:

2CCLDI8S TmR Lanrtar of Tre 10T ZaCN reCevRr axrinIts Ju T2 3 Siffarant casparse tQ tma ~tartaranas
JuT gereraity tr2 oimar feur cecarsers (N N5 AL A are sear 0 r2gu.re 070130 30 207095 3
e
f{-;‘ suostantiatly anger sarcw:igtn cran racaiver V-, ang recavver V. apcarartiy "2CQLiTes 3r 3CC:iTONa.
:_t". -20a3 roroverert ~ SR
SN
t:'.::; Normatly, tne oerformance of racaiver M; wouid be associated with 2ither spec-ai racarver
r!.. arocessing or 3r extremely narrow 3F pdancgwidth.  To veniy the measured data, the ~or-
[ . synenronous CWVI test was repeated at the 36 <=z (nomi~al) fraquenrcy Tris repeat measuremant
t:- r ierfied tre ntarferance r218¢T 0N C30ACHITIAS Griginaily Measuraa oy SECEN
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FIGURE 4-1. RECEIVER M, RESPONSE TO NEAR-SYNCHRONOUS CWI
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-::?_-j . In an attempt to understand the frequency sensitivity of the measured receiver performance,

’\ l‘ i . !

b the frequency was readjusted to a near-synchronous frequency of approximately 97 kHz. At this

frequency the sensitivity of the receiver to interference was typical of other receivers.

Next, the frequency was adjusted to a near-synchronous frequency of approximately 96.5 kHz.
Again, typical performance was observed. Upon returning to the original 36 kHz near-synchronous
frequency, the original measurement could not be repeated, and the measured effect of
interference was observed to be typical of other receivers tested. Further, it was no longer possible

to repeat the original 96 kHz measurement.

In a further attempt (o understand the receiver’s performance, the skywave interference

measurement data obtained during the Coast Guard's "5-day receiver test” was examined. These

e
:::EE: data showed a very farge affect from simulated skywave interference, the time difference being
:':'\ shifted as much as 0.82 microseconds. This performance is indicative of narrow RF bandwidth on the
EE ,' part of the receiver. Time constraints prevented further investigation of receiver M; behavior.

o .

tﬁ: 4.3.2 Critique of Marine Receiver M, Performance

: ':,.\z The EECEN data for recetver M, showed a very high sensitivity to near-synchronous CA!
“.\-(j (Figure 4-3). To venfy the original EECEN measurement, several points were spot checked. These

checks validated the ongnﬁal data.

4.3.3 Decreased Sensitivity at 113 kHz

The DOT/TSC Test Plan required that all fixed, manualily-tuned and automatic notch filters be

Q removed from the 70 kHz - 130 kHz band.* During the validation test series, it was determined that
W
_'\.5.:: notch filters remained operational in several receivers during both the ariginal SECEN tesis and the
l‘
o - :
> tater TSCvalidation tests.
NS
» . : : - :
AR Recerver A. was 2auio0ed with ‘our “xed arc ‘our 3Liomanc ~ciinEs  The four auiomanc
® .
Sl motCres ver2 @1saotad usirg 3 0roCagured Jrovidad Dy Tre MarLact.radr SuSseCuLant 2UslLssors
oo wizh the manufacturer indicated tnat the NOTCN G15a0ING JroCeCure “esu.7e@d n movament of two of
el the notcres 10 0ositions at 30 kHz and two 10 Dositors at 14 <Hz. Cortrary 0 pian, ‘ne ‘our ‘ixed
e notches were not disabled; these nad been adjusted at the factory to 88.0, 113 0,87 3 and 123 0 k~z.
|
=
e
S *Qeceivers were ordered with these stipulations. Imtial data anaiysis indicateg decreased sensitivity
ro tointerference at 113 XHz for several receivers and this was verified during the vahidation tests.
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The notches at 113 and 114 kHz appear to have had an effect on data taken at 113 kHz, see Figure 4-

4 and Table 4-2. The effect of the notches at 113 and 114 kHz are evident in the three curves for CW!
and NB FSK in the region of SIR -10 d8 to -25 dB versus frequency 110 kHz. Comparing points for

these three curves at 110 kHz with points at 90 kHz the following differences are shown in Table 4-3:

TABLE 4-2. COMPARISON OF LIMITING SIRS - RECEIVER A4

Frequency kHz
85 90 95 105 110 115
Near-synchronous QW1 -45d8 -15dB -12dB  -13dB -36dB -55d8
Non-synchronous CWi -50d8  -21dB  -12dB -10dB -34dB -55d8
NB FSK -12d8 -5dB -3d8 -8d8 -20d8 -25d8
W8 FSK -144d8B -5d8 -2d8 -3d8 -5d48 -10dB

TABLE 4-3. COMPARISON OF RELATIVE SIRS - RECEIVER A4

A SIR . ASIR

110 versus 90 kHz 115 versus 85 kHz
Near-synchronous QWi 21dB 10d8
Non-synchronous QWi 13dB SdB
NB FSK 15d8 13d8
W8 FSK +0dB -4dB

Airborne receiver Ay was equipped with nine notches. These had been factory set to 73.6, 77,
88, 1132, 1153 119835 24, 128 25 ang 34 3 (Hz. As with recever A, the noten at 113 2 kHz

3ooears 0 rave affecieg tracata taker at 113z

Marine recerver M: was 2quipoed with four automatic and several ootiorai ‘ixed rotcen fiiters.
During the tECEN asts, ne automauc notihes were disanied. Two fixed notches, tured to 88 and

113 kHz, were present. Again, the i13 kHz data were affected, aithough to a much lesser extent and

then only the NB FSK data disclosed a meaningful dispiacement.




SIGNAL-TO-INTERFERENCE RATIO (dB)

SIR (dB)

CWI:NEAR-SYNC
- 50 r

- 45

T

- 40 +
- 35 -

|
N
o
|
~
2

NARRCWRAND FSK

CYCLE ERROR ALARM

SNR iLARM

L i

70 75 80 85 90 95 100 105 110 115 120 125 130

FREQUENCY - kHz

FIGURE 4-4. COMPARISON OF RESPONSE OF RECEIVER Ay TO FOUR TYPES OF INTERFERENCE




- A

P

S,
e, 4
-'. .

R, .7

.l‘,‘.’l.’

A

a3,
»
i

3

g
1":"‘ .
I

e AP S
n; -" Al r:.

«
5 .
"
s

*.‘-

[}
B

Q%
oy

A

Ay Ayt Gt

[ S B

%

RV

-
Pr2y/

o

PRSTIAPIE ST T e M S I
e “..-. ...V A‘"‘: ‘.'

SIGNAL-TO-INTERFERENCE RATIO (dB)

SIR (dB)

+ 10

+ 185

AR S B

R g —

WIDEBAND FSK

CWU. EAR-SYNC

70

75 80

85

90

95 100 105 110

FREQUENCY - kHz

115

120 1258

130

FIGURE 4-5. COMPARISON OF RESPONSE OF RECEIVER M, TO THREE TYPES OF INTERFERENCE




;oY
]
S
e IR &

.}'. ','_'

N
»
a
.

-
.
.
P JE N

..'\
I'd

Marine receiver My was equipped with four automatic notch filters. These were successfuily
tuned out of the LORAN-C band during the tests. The relative symmetry of the data points at the 87

and 113 kHz frequencies may be observed in Figure 4-6.

Marine receiver Ms is typically offered for sale with optional notches. However, none were
present at the time of the EECEN tests. Receiver M3 did contain a special filter with reject frequencies

associated with the Decca Navigator System, rejecting interference in the region of 76 and 113 kHz.

This filter reduced the effect of the interference imposed at 113 kHz. In Figure 4-7 and Table 4-4 the
data show 3 5 to 10 dB improved ability to withstand interference at 113 kHz as compared with

interference emitted at 87 kHz.

TABLE 4-4. COMPARISON OF SIRS - FILTERS NEAR 87 AND 113 kHz -
RECEIVER M3

A SIR versus Frequency
87 kHz 113 kHz
Near-synchronous CWi -30d8 -35d8
Non-synchronous QWi -25d8 -35d8
N8B FSK -22d8 -30d8
WB FSK -27d8 -35d8

The asymmetry of the interference sensitivity data, with respect to the 100 kHz center
frequency, is assumed to be caused by rejection (due to notches) by four of the five test receivers of
nterference at frequencies near 113 «Hz As a result, the recommended protection criteria boundary
curves in Section 5 were adjusted downward at 113 <Mz to provide symmetry about the central

fraquency of 100 -z

44 LIMITATIONS OF DATA

An examination of ine TD combined accuracy c¢ata compuied oy ZECEN during tre qata-
taking phase of the zest showed that for small values of jitter, the value did not monotonically
increase with decreasing SIR. In an attempt to understand this pnenomena, Two aspects of the
measurements were considered. The first was resolution of *he disolayed time difference readings

The secord aspect was the jitter 10 0e 2xpec¢ted N simulatad atmosorerc noise of an rtansity

~ecessary 10 oroduc? a signal-to-roise ratio of -10 ¢8
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4.4.1 LORAN-C Receiver Resolution

Several of the receivers testéd provided TD outputs with a resoiution of 0.1 microsecond.
Examination of the raw data showed that in some cases these receivers held a constant 0.1
microsecond TD value throughout the 300-second interval of measurement, while in other cases,
perhaps due to a slight change in the mean time difference error (MTDE), the output would jump
{dither) by * 0.1 microsecond. In those cases where the output dithered by * 0.1 microsecond, the
TD CA value was dramatically increased. It was concluded that TD CA values of less than 0.1

microsecond could be biased as much as 0.1 microsecond by resolution of the display.

4.4.2 LORAN-C Receiver Jitter

The interference measurements were made while the receiver was subjected to a
‘background’ noise of -10 dB "atmospheric’, produced by the atmospheric noise simulator of the
LRTCIl. Measurements derived using recerver M3 equate a -10 dB LRTC !t atmospheric noise level to a
0 @8 Gaussian noise fevel. A GR!I of 9960 and a 0 d8 Gaussian signai-to-noise ratio (SNR) yielded an
expected jitter in the range of 0.073 ta 0.103 microseconds for a recerver with a ume constant of 2.2
seconds (typical of the two airborne receivers), while an 8 second time constant (typical of a marine
set) will yield a jitter of 0.038 to 0.053 microseconds. Thus, atmospheric noise can affect the CA
readings in a random fashion until the applied interference causes the measured CA to exceed either

0.05 or 0.1 microseconds, depending upon receiver type.

It was concluded that TD CA values of less than approximately 0.1 microsecond were strongly
affected by the measurement technique, and changes in TD CA in this range were not necessarily

indicative of the effects of interfering signals.

4.4.3 Change to Original Test Plan

The origiral tast olan cailed for the interference tests 10 be accomphisned at decreasing Signal-
2. ~Tarfarance f3U0s 4Nt 3 o0t arere tre 7D CA was greatar than 2ar 2cuar to 3 3 microsacorc
Jurrg tre testirg, a CA Jalue of 33 microsecora was seldom reaiized, as most racaivers ingicatec a
“lag coraition of 2:tmer 3LINK, CVCLEZ or 'ow SNR at values of CA well below 3 3 microsecond. This s

indicategin Frguresd-1, 1-3, 1.8, and 4-9

for gurposes of analyzing the data, ei1ther a TD CA value of 0.3 microsecond or excitation of a
recaiver alarm, wnichever was experienced first, was used as the limit of *racking. It was assumed
*hat an operator would consider the TD data unusabie in the presence of 3 recaiver alarm aven
thougn the system mignt continue 0 rack. The recaver sensitivity curves and minimum
performance curves appeannrg 'n sactions 1 and 3 are oiotted to reflect the 7D CA bouncary of 9.3

microsecond and/or a recewver flag corgition
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4.4.4 Wideband FSK Near-Synchronous and Narrowband FSK Non-Synchronous Tests

The DOT/TSC Test Plan utilized by EECEN originally intended that recerver tracking tests would
include evaluation of the five receivers under all combinations of near-synchronous and non-
synchronous conditions of interference However, the actual testing did not include evaluation of
receiver performance in the presence of near-synchronous wideband FSK or non-synchronous

narrowband FSK interference due to time limitations in the availability of the LRTC L.

The simulated wideband FSK interference spectrum spanned approximately 3 kHz, or roughly
600 LORAN-C signal spectral lines. While 1t was possibie to consider each ane of the 10 lines which
comprise the signal to be either a near- synchronous or non-synchronous CW interferer, the true
effect of the interference was that of energy fairly uniformly distributed over a 3 kHz bandw:dth.
Thus, it was felt that the charactenzation of wideband 7SK as eitner near-syncnronous or non-
synchronous was not meaningful  For this reason, a single classification of “Nidebard Interference”

'w~as adopted.

A similar consideration held for narrowband FSK (nterference. 'n this case, nowever, the
spectrum was narrow enough to warrant additioral testing. For this reason, a t=st ~as serformed
using receiver Mj to determine wnether or not there was a significang differanca berween the two
cases. Figure 4-10 and Figure 4-11 present the receiver alarm curves. If the two sets of curves are
superimposad, they are seen to be almost perfectly congruent. Based on this evaluation,
narrowband FSK interference protection recommendations were not identified as being erther near-

synchronous or non-synchronous.
4.4.5. Acquisition Tests

The acquisition tasts were conauctad in the presence of near-synchronous narrowband FSK
rterferance. the most difficuit sittaton for a recaiver 10 overcome. For these tesis tre sigral-t1o-
~ois2 ratg ol -2 a3 L1zag for the racking t2sis was morcvec 10 & SNR va L2 27 322 Thiscrarge
NES Tade 'o assura 3 TGr 2ropalnety Of (2r7RCT S,08 3813CLOr ZeTor2 ~irogucior ¢ 3ny 3T

~tararanca

t s noted that a sigral-to-roise fatio of -10 @B 15 the specifiec cwest SNR at wrmi¢~ most
receivers will correctly z-quire LORAN-C signals. Improving the ratio assurad =rat tne varations .n

measured recetver acquisition nerformance could be attributed 10 the imposec nierferance.

Figure 4-12 presents curves ‘or trree recawvers. Tne thresnold of nterference-accantadiity

~as set at 6 minuies. An nterferenca conaiticn wnNicn oraventad a racawver rom corradliy acguiring

the third ¢ycle within 6 minutes of system turn on was used s *he il poirt
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5. RESULTS

5.1 GENERAL

This section presents compaosite results for each type of interference, recommended protection
criteria and concludes with a proposed procedure to analyze the effects of interference on LORAN-C

receivers.

5.2 COMPOSITE RESULTS FOR EACH INTERFERENCE TYPE

After completion of all tests, data for recervers was compared for each type of interference.
Performance between different receivers varied over a 40 dB range. Some receivers which showed
extra sensitivity to one type of interference were less affected by other types. In the previous section,
Figure 4-2 was a composite plot of the performance of ail five receivers when subjected to near-
synchronous QW1 Further study of the data showed that f a limit was placed at the point where the
most sensitive receiver had a combined accuracy of 0.3 microsecond or an alarm condition, a
symmetrical envelope could be developed. Figure 5-1 is the composite envelope for all receivers for
the case of near- synchronous CWI. Figures 5-2 through 5-4 presents composite envelopes for each of
the remaining interference types. Tick marks on the vertical axis indicate where some type of alarm

was noted. Actual descriptions were omitted to avoid unnecessary detail in the figure.

5.3 MINIMUM PERFORMANCE CURVES

Each of the composite envelopes or curves shown in Figures S-1 through 5-4 represents a
threshoid. When the signal to interference ratio is greater than the threshold, all of the receivers
performed within acceptabte imits. The threshold ratio was ¢chosen as a minimum for acceptabie

performance.

5.3.1 Contunuous Wave Interference Curves

Comoarison of receiver cerformarce for rear-syrchronous  versus  MON-syncrronous
interference snowed tnat the recervers needed a 5 dB .mprovement:n signal evei to achieve normai
performance. Minimum performance curves were prepared for each type of continuous wave
interference and are presented in Figure 5-5. The format of the curve is that used by the CCIR in

Report 9IS.
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5.3.2 FSK Interference Curves

Examination of all FSK information showed that the required signal 1o interference ratio for
~inimum recerver performarce was the samre for botn types of interference excepr at 113 k~z As
discussea r secton 43 3, ‘our of tne recaivers 2ffectively nag notches at this freguenrcy ard hus
w~ere less sensitive to the interference. The fifth receiver was insensitive to poth types of FSK
nterferance. Reflecting this analysis, a single curve was produced for FSK interference and s

presented in Figure 5-6.

:}.:-; 5.4 RECOMMENDED PROTECTION MARGIN

d. "'

4

.;'.xj The mimimum performance limits presented 1n Section 5 2 reflect the affect of varnious types of
' iKY

iy ‘\-; interference on receiver tracking performance. A protection boundary for LORAN-C recasvers must

also incorporate aliowances for receiver acquisition and variation tn atmaspheric noise structure.
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5.4.1 Receiver Acquisition

Receiver acquisition in the presence of noise 15 @ more difficuit task than continued tracking
wnen noise is introducad. The acauisition ests discussed 1n Section 4 4 5 grovided gata ‘o estaviish
an additional protection margin. Comparison of the acguisition versus trackirg performance of the
raceivers tested ndicated that at least a 5 48 higner SIR was required to correctly acquire a signai
than was required 0 track. The observed himit was smaller than expected. Re-examination of
tracking data showed that most receiver failures occurred due to issuing of one of the receiver
alarms rather than foss of signal track. The mechanisms which trigger the CYCLE, BLINK AND SNR
alarms are related to signal amplitude rather than cycie tracking and reflect a measurement similar

to that involved 1n the cycie 1dentification task. A margin between 5 to 10 dB s desirabie for

acquisition protection.
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5.4.2 Noise Variation

The atmospheric noise source used for the tracking tests was modeled after "tropical” noise.
For operating regions other than the tropics, atmospheric noise becomes less impulsive and more
Gaussian. The effect of Gaussian noise on LORAN-C receivers is to reduce tracking performance, thus
requiring an increase in minimum SIR. During the jitter tests discussed in section 4.4.2, it was
determined that a SNR of 0 db Gaussian produced jitter identical to that of -10 dB for the
“atmospheric” noise generator of the LRTC Il. Identification of noise variation throughout the
regions was beyond the scope of th‘is study. An additional protection margin between 5 and 10 dB is

desirable to account for variations in background noise conditions.

5.4.3 Recommended Protection Curves

The considerations of signal acquisition and noise suggest an increase in the protection
boundary ranging between 10 and 20 d8. A figure of 15 dB was selectad. Figures 5-7 and 5-8
present recommended protection curves for the frequency band of 70-130 kHz and incorporate this

additional 15 dB protection margin.
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5.5 PROPOSED TECHNIQUE F« A, F<SING EFFECTS OF MULTIPLE INTERFERENCE

The testing used to develc "~ >ran-Cinterference sensitivity curves shown in Section 4 and

B
<.

summarized abaove, employed a sing - interfering signal for each of the types of interfering signals

n

. _\‘f‘

J

tested. This section describes a techmigue which could be used to assess the overall effect of a

~uitohaty of intarfering sigrais (more reorasartative of c2ai-a0r'd Conditions) aricr vary 20th A

-.,l" [

‘raguenrcy ana ype The technigue was deve nped aiter comoietior of rrarfararca t2sts arg ar oe

.2r:fed tnrough future "asts

5.5.1 Assumptions

® Due to the puise nature of the Loran-C signal, the effect of a muluohicity of interferars on
the samoiing point will add 'n a root sum sguare manner, according to their effecuve

‘evels durirg post sampiing signal orocessirg.

® The Loran-C -ecetvers subject 0 proteclion by this critera are designed to include at least

four ~otcn fiiters.  Two of these ‘ilters are 'ocated above the Loran-C nard n the
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frequency range from 110-130 kHz, and two are located below the primary Loran-C band

in the frequency range from 70-90 kHz.

® Each of the receiver’'s notches are assumed to have a 30 dB rejection bandwidth of 100 Hz.
That is, frequencies located * 50 Hz from the center frequency of the notch filter will be

reduced by at least 30 dB.

5.5.2 Proposed Procedure

The technique proposed for assessing the effect of multiple interfering signals is accompiished

using the following nine steps:

STEP 1
At geographical locations inside the LORAN-C coverage area to be protected, determine the
equivalent rms signal level of the weakest LORAN-C pulse train to be tracked at the standard

samplirg point. This s the effective LORAN-Csignal strength.

STEP 2

Using the signal protection margin required for near-synchronous interference at 100 kHz,
getermine the maximum acceptable interfering signal field strength. This level is assumed to be the
maximum, weagnted'rss interference signal level acceptable to a LORAN-C receiver at the selected
'ocation. The near-synchronous level was selected because testing showed this type of interference
to oe most detrimental to LORAN-Creceivers.
STEP 3

For the selected location, identify all interfering signals and characterize them by frequency,
ntensity and modulation type. The modulation types tc be considered are near-synchronous CW,

non-synchronous QV, narrowband FSK and wideband rSK.
§T=R 4

Recuca 3l nmriarter ng s.gnais 2veis Dy tne ralio of the sensitvity of tre racaier to tre tyce
ard "me ‘requenrcy Of ~terfering sigrai, ‘N accordance with the rejative 2f¥2ct of .noerarence snown

M the grotecuon cnitara curves.

STEPS
Identify the interfering signal in the frequency range from 70-30 kHz which has the greatest
effect. If the bandwidth of the signai is less than 100 Hz, reduce :ts effective intensity by 30 dB under

the assumotion that the signal would be notched by the receiver

STE2 6

Repeat step 4 1o reduc2 the ampiitude of the remaining iargest ampiitude sigral of

wn
+
(@}
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bandwidth less than 100 Hz. (Note: [t may be desirable to place both notches on the interfering

frequency.)

STEP 7

In certain circumstances, it may be desirable to use the two notches to eiiminate a single
interferer of bandwidth greater than 100 Hz by placing the two notches side by side. [f this appears
to be the case, it may be necessary to repeat this interference sensitivity assessment process twice,
once notching out two individual narrowband signals and once using both notches to minimize the

effect of a singie broader band interferer.

STEP 8

Repeat steps 5, 6 and 7 for interfering signals in the frequency band from 110-130 kHz

STEP 9

Finally, compute the square root of the sum of the squares of the field strengths of the
weighted interfering signais to obtain an effective interfering signal tevel. [f this ievei exceeds the
maximum accaptable level computed in step 2, the LORAN-C system performance will be reduced 0

an unacceptable level.

5.5.3 Example of the Use of Protection Curves
Step 1. Assume that the LORAN-Csignal strength is 1.0 millivolts/meter (mV/m).

Step 2. From Figure 5-9, the protection required at 100 kHz against near- synchronous QW
interfering signals is 20 dB, or a voltage ratio of 10:1. Thus, for a 1.0 mv/m LORAN-C
signal, the maximum weighted rss interference level is 0.1 mv/m.  Figure S5-10

presents the example for FSK interference.
Step 3 The assumed nterference sources are shown in Table 5-1 delow

TABLE 5-1. DATA FOREXAMPLE

‘nterfarance Zrequency Tyce of interference —avel
#1 113 xHz Near-synchronous CV) 7 myim
#2 117 kHz N8B =SK 7 mv/m
#3 87 kHz Near-synchronous QW1 16 mv/m
#4 80 kHz Non-synchrorous CNVI 1 4amv/m
#5 36 kHz NB =SK 33 mvim

5-11
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*: v Steps 4 through 6 are considered for three examples. Table 5-2 summarizes the calculations.
Ay
The first four columns list the characteristics of the assumed interference sources. Columns five to

eight show the reduction of the effect of the interference due to the type of modulation, frequency
of the signal, and the application of notch filters.. The last column lists the final effective level of

each interference, and the total effective rss level for all assumed interfering signals.

Example A in Table 5-2 shows an acceptable situation of 0.068 millivoits/meter rss, compared
to the limit of 0.1 millivolts/meter rss calcuiated in step 2. Note that two notches were placed on

interferer #3.

In example B, a fourth interfering signal of relatively low level is added to the signals assumed
in example A. Due to the low level of the new signal when compared to interferer #3, both notches
are again placed on interferer #3, leaving interferer #4 unnotched The equivalent level of the

interferenceis still acceptabie at 0.076 millivoits/meter rss.

Example Cin Tabie 5-2 shows the effect of asingle relatively low level interferer 'when 1t occurs

in the band from 90-110 kHz. As most receivers do not permit notch filters to be tuned inside this
) 4, band, the assumed 96 kHz NB FSK interfering signal only benefits from the 6 d8 relative sensitivity
: \- protection of the receiver against NB FSK modulation. The net effect of this single interferer is an
effective interference level of 0.15 millivolits/ymeter, 50 microvolts/meter above the iimit of o,i

mllivalts/meter.
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TABLE 5-2. PROTECTION BOUNDARY CURVE DATA

interference Characteristics Reduction Effects of Notch Filters
After After
Relative Effective Notch1 Notch2 Final
Nominal Receiver Signal 3048 3048 Effective
Frequency Level Sensitivity Level (31.64) (31.84) Level
Inte#rance kHz Type mV/m dB(v.ratio) mV/m mV/m mV/m mv/m
EXAMPLE A
#1 113 CWi (Near) 7 11(3.54:1) 1.98 .063 .063
#2 117 NB FSK 7 19(8.9:1) .79 .025 .025
#3 87 CWI {Near) 16 11(3.54:1) 4.52 .143 .0045s .0045
0.068 rss
EXAMPLE 8
#1 113 CW! (Near) 7 11(3.54:1) 1.98 063 .063
#2 17 NB FSK 7 19(8.9:1) .79 .025 .025
#3 87 CWI (Near) 16 11{(3.54:1) 4,52 143 00458 .0045
’ #4 80 CW! (Non) 1.4 32(40:1) 035 .035
0.076 rss ’
EXAMPLEC .
#5 96 kHz NBFSK 3 6(2:1) .15 15 rss
Qwi Continuous Wave interference
(Near) Near-Synchronous
(Non) Non-Synchrorous
N8 Narrowband
£sx frequency Snift Xayed
s Square root ot tresum of mesquara

Ali ratios statea as a8 (voitage rato)

RIS

"

(%
(V)3
;
IS

= A

2]
@

;: i ’ ‘I;$'~;f \:'k



LR el A e S R AUE L A SRl ol a¥AC  EAV RV S Bet Ral Bat DAV Aot £a8 6.0 Salifd MR A AR ML e il aba a\s o 4'R A4 o s o'l 2'e n-g & LA L R N A8 b .8 8 8t nd 8 8.8 i n o 2.

v 6. CONCLUSIONS

The test program conducted at the EECEN provided a data base for the establishment of
interference protection boundaries. Basic assumptions regarding receiver performance proved
sound. As with any test program where only a sample of products is tested, appropriate care should

be exercised when the results are extended to other conditions.

Step response tests showed that the receiver tracking bandwidths varied between 0.01 Hz for
marine receivers to 0.07 Hz for avionics receivers. These results provide support for the 1.0 Hz
spectral spacing between Loran-C and synchronous interference proposed in the U.S. Government

amendment to CCIR Report 915.

Tracking tests showed that receiver sensitivity to interference is greatest at 100 kHz and
decreases as an interference signal gets farther from 100 kHz. Receivers are most sensitive to near-
synchronous CWI, requiring S dB protectian at 100 kHz. Curves were developed which present the

minimum acceptable interference levels. Acquisition tests and uncertainties associated with

.!.' Y

background noise variation indicate that an additional 15 dB protection margin should be provided.

Curves which include this additionai margin were aiso produced.

LT A Y Y
Petatuts

l"

LORAN-C receivers were also shown to be sensitive to interference beyond the authorized 90-

e

’ 110 kHEZ emission band. A techmque for analysis of the effects of emissions was developed and

presented.

In view of the effect of interference. measures should be taken to prevent harmful

interference through continuous monitoring of the Mobile Maritime Band and -~operation

between operating agencies.
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