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PREFACE

This report presents the results obtained from a series of tests and related analyses detailing

the effect on LORAN-C receivers of unwanted interference similar to that which can be created by

4 radio communications and radionavigation facilities operating within the 70 kHz to 130 kHz

frequency band.

While LORAN-C transmitters are required to transmit a minimum of 99 percent of their

radiated power within the band 90 to 110 kHz, LORAN-C receiver bandwidths must be greater than

this amount in order for the receiver to effectively operate. Thus, the receivers should be regarded

as vulnerable throughout the broader frequency band 70 to 130 kHz.
0-

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

International Telecommunications Union in support of the U.S. Government's request for protection

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. DOT/Transportation Systems

Center.

Personnel from the Transportation Systems Center, Cambridge Engineering, Polhemus

Associates, Inc., and the USCG EECEN were particioants in the oroject. Subsequent analyses and

preparation of the reoort were the responsibilities of the Transportation Systems Center and the

c:ea Cor'tractors Soec al .ar.s s exoressea :o M C. oooe of Car-oridge E gineer g, N L.

* 0oinernus of Doire"us Assocates. -c , arc -- Day c 3eara oi :e i-SCr EEC-'E :or re!, oustancing

contributions to tns oro ec.

,".e. Terojec-wassponsoreo oy DOT/U S Coast Guard, Racioravigation Divis;on, G-NRN.
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GLOSSARY OF FREQUENT ABBREVIATIONS

CA Combined Accuracy
CA = (MTDE2 + TD2)'.2

CWI Continuous Wave Interference

EECEN USCG Electronics Engineering Center

LRTC II LORAN Receiver Test Complex II

rms root mean square

rss root sum square

SIR Signal-to-Interference Ratio

TD Time Difference

0 MTDE Mean Time Difference Error

WB Wideband

NB Narrowband

S.D. Standard Deviation

FSK Frequency Shift Keyed

RATT Radio Teletype

SNR Signal-to-Noise-Ratio

GRI Group Repetition Interval
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1. INTRODUCTION

This report describes the results obtained from a series of tests conducted by the U.S. Coast

Guard and the Department of Transportation (DOT) Transportation Systems Center (TSC) contractor

personnel at the USCG Electronics Engineering Center in Wildwood, N.J., in accordance with

instructions contained in DOT/TSC, "Test Plan to Develop Revised LORAN-C Protection Criteria".

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

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 radiocommunications and

radionavigation services worldwide have been approved for transmission on specific frequencies by

the International Telecommunications Union (ITU). When these signals overlap with sufficient

intensity, they produce harmful !nterference affec-ing these services.

The International Radio Consultative Committee (CCIR) of the ITU has responsibility for

formulating recommendations on an international level regarding use of the radio communications

and radionavigation frequency spectrum. Because 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 teichnical advice from the advocates of the Decca system

and from the U.S. Coast Guard regarding the LORAN- C system.

It is necessary to recognize that safety considerations relevant to performance of the LORAN-C

radionavigation service (and also the Decca system) make it essential that they be able to operate

free from harmful interference.

Whtie LORAN-C transmitters are required to transmit a minimum of 99 percent of their

'ac;ated oowe, vtm r' oand 90 '<-z *o I10 -.- z, LORANI-C -ece, e~s "equre oarow:act-s greaie ,

[ ".an 20 <r z n orer -or :-e ece!er -o oe - ec- ve

-*e orooiem of orovichng s i.t.aole Protection to :ne ..ORAN-C an Decca Naviga:or sysze--s

-as oeen under study oy the nternatonal Telecommunications Union (:T',) During ts 15tn Ple-ary

OIL" Assembly (Geneva, '982) the CCIR concluded in Reoort 915 that 'or planning ourooses, when

acceotance of a new transmitting signal is considered within *he 70 kHz - 130 '<Hz band, the Decca

Navigator system should be orotec-ed by assuring a nominal relative signai-to-interference buffer or

ratio toeveen the system and 'ne new -ransmission of - 5 aS An acaitonai ailowance of - i

was allocated .o orotect the Decca system *rom skywave inter-erence at nignt. The criteria were

-evelooed 'rom cata ootained n aooratory testi a

oI,-.

0'
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Itwasdesired 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

.5 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 ocerational chiaracteristics should be recommended to avoid mutual
interference between stations providing the same type of radionavigation

service)

A U.S. Government response to these concerns, prepared by the U.S. Coast Guard, was,

' orniulated as an Amendment to the CCIR's Report, 915S. It required suoporting data vnich could oe

ised :o correlate types and relative strengths of RF transmissions appeari ng : n tne 70 k-Hz 'o 130 kHz

ciand with the Performance of typical state-of-the-art LODRAN-C receivers.

- When available, the data were to be synthesized as a protection criteria and subsequentiy

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

The U S. Coast Guard's Electronics Engineering Center (EECEN wa ie n akt odc

series of tests wnichn wouid provide th~e basis for a quantitative response to tre 'Question' 33/8

*,oreviously cescr'bea EECEM Nvas assisted in this efort by tre DOT/TSC, at Camordge, MA, vrich

orecareci -,-e est, :)Ian arc compieted analyses of data 7-e dlata were su s eetly seo ,o

ate I *t, 3 *cr assrg roroato, :, ' er at-orizea 'ac'oravlga*t or s~s--s arc

* .ocace 'a . tee 3-'C e.Nei' arc: -ror .- e 3,-,ce 3..lcrzec -,D oco-ate r

.- 7^; -Z '3<-zoar-c

ris ecor- :esc- ces t'.,e deveoomer or -tre -.est, *~t~are t-ests rndert7aK-2' OyJ HEN -'e

-atire of tr-e 'ntererences rrocoseci on the yie seiected _ORAN-C eceivers, resuits and conciusions

ootained ;rori anaiyss of t're data.

Th eor cli~es suggested crt.eria -or orotec-:on of tre 0.RAN-C -acionavgaticn systerr.

-and offers a orocedure -or assessr-g tr'e e~ec- of iuitici ntererng signals on LORAN-C -ece!,er

%eornc%



2. BACKGROUND

2.1 GENERAL

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

interference:

*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;

* Those which are synchronous or near-synchronous, in the time domain, with the spectral

lines 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 'Nave (C'MV; and because typical LORAN-C receiver systems must be capable of

acquiring and subsequently tracking relatively weak t.ransmissions, it was necessary that the

ntererence tIests be caciable of measuring receiver perormance under varying but known and

controlled conoitions of relative signai-to-inerterence fie~d strengtn and inter'fe ing freauency.

2.2 TYPES OF INTERFERENCE

The recognized reference 'or defining LORAN-C signal characterstics, recuired receiver

performance, types of interference and their potential effects :s the RTCM SC-70 Publication,

Minimum erformance Standards (MPS) for Marine LORAN-C Receiving Equipment 2 as described in

RTC.Mv Paicer 1 2-78/00-100 *Th1ere are three categories of interference and three types of emissions

of concern to LORAN-C receivers discussed therein and reviewed below.

2.2.1 Synchronous Interference

* Syncronious transmissions are those vhicn produce scectral lines which are in oriase with

tiose of tre LO.AN-C oLuse oattern 7-ey cause a constant error r, the reasurea _ORAN-C tn

"-e-ece '7Di 3r(., %'s r ac~oravic_ or, ac_cc

2.2.2 Near-Synrironous Inter';ererice

%ear-sinc-ronous :-ranisrissions, ivrie rot in onase vi-n t'e .ACouse catte'n, are .-'ose

Anrose soectrai nes ail Nitnn 'he oandwicith of -ie servo tracking 1000 of t--e -eceiver

Note: Synchronousinear-syncnronoius inter'ering sgnais cause rcreases in te mrean tm

difference error (M7D)E) of tereceiver tnrougn 'neir effect on -re signal ohase

tracking tircwtjs

3ecrac MP soe-r-g orecarea ;or avion-ics rec-avers oy the .acio --?cnncai Corrr!ison -or
* eroraiutCS i1)-e- com-oiee, secarate t.ests mray oe acoroorate ;or avionics _0QAN%-C -ecevers
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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 such CWI sources can be of

concern. When the frequency of the CW interference lies within the 90 kHz to 110 kHz frequency

band, special consideration must be given to its possible effect sirnce apolication of notch filters

within this band may degrade the receiver's ability to evaluate envelope shape and thus may prevent

the receiver from lockzng on to (acquiring) the desired tracking point (cycle).

-. 2.2.4.2 Narrow Band Frequency Shift Keyed (FSK) Communications. Emissions of this type consist of

oands 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 Frequency 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.V -

2.2.5 Summary

, aa ,vee -ecea -or ec- o; -- e corroinataors or nrer~erece surm arzec -I -aoie 2-'

TABLE 2-1. DATA REQUIREMENTS BY TYPE OF INTERFERENCE

CATEGORY OF iNTERFERENCE

MODE TYPE OF EMISSION SYNC NEAR SYNC NON SYNC
Acquisition CvV Interference -- X X

.Z"FSK Narrowoand - X X

;SK Wideoand -- x x

2-2
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* 3. TECHNICAL APPROACH

,3.1 GENERAL

Facilities at the USCG's Electronics Engineering Center (EECEN) were utilized for the tests since

they offered the capability to simulate unwanted RF interference, the specified LORAN-C signals and

the environmental conditions of interest.

*3.2 FACILITIES AND EQUIPMENT

3.2.1 Navigation System Simulator

The simulator complex, which employs the LORAN-C Receiver Test Complex (LRTC 11)3 as its

primary instrument, also includes:

* Rockland Remotely Programmable Frequency Synthesizer, Model 110 narrowband Cd

generator

. Hewlett-Packard Automatic Synthesizer, Model 33038 wideband, multi-channel, FSK

emulator

* Wavetek HF Sweep Generator - narrowband FSK emulator.

*The LRTC I1 is a second generation (Coast Guard designed) receiver test facility located in a

dedicated facility within the EECEN. The simulator provides repeatable (and 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 pulse. In

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

noise source. The system is buss oriented with all parameters controllable from a central location.

3.2.2 LRTCI Setuo

-e LtRTC 1 vas set jo as follows (see ;;gure 3-):

l'p

3-1
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r LRTC 1"
i . LORAN-C

I MULATOR SIMUATO S P A C E  RECEIVER
( I C O U P L IN G  UNDER TEST

'" I NODE

i ROCKLAND
PROGRAMMABLEREQUENCY -1
SYNTHESIZER

,5'-

HP 3330 B
AUTOMATI C
SYNTHESIZER

. IEEE-488 (CONTROL)

HP 9825 3
* QCALCULATOR

5'."

FIGURE 3-1 LRTC II EQUIPMENT SETUP

3-2
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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 microvoltimeter)

e Atmospheric Noise 50 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. 5ps

* Cross-rate Interference OFF

" RF Interference As necessary to determine receiver error.

(1) Relative field strength or Signal-.to-Interference Ratio (SIR) - varied within the range

+ 30 dB to -50 d8.

(2) Kinds of interference - LRTC II adjusted to simulate near-synchronous and non-

synchronous interference in accordance with the Test Plan.

(3) Types of Emissions - LRTC Il inputs varied to produce CWI, narrowband and wdeband

FSK in accordance with the Test Plan.

" Specific Interferences:
-,CWI, 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, (FI) (narrowband); set up a single channel with 170 Hz shift,

one tone to be near-synchronous.

Multiple-Channel Frequency Shift Keying, (F9); set up utilizing 1 1 channels, 3 kHz total
bandwicitr

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

, - ;;ve LORAN-C receivers were orovided to :.e JSCG oy TSC. :nree marine and "wo airoorne

racionavigation (RNAVI systems. The receivers were of hard limited design and were seiected

because they were typical of those available in the marketplace. The three marine receivers

represented the high, medium, and low ends of the market whi!e the two airborne receivers

reoresented the mecium and low end of their respective market. Thus, their response to the RFI tests

were reoresentative of the manner in which most state-of-the-art receivers would behave under

similar circumstances.

3-3
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*3.2.4 Setup of LORAN-C Receivers

The notch filters were to have been disabled in each receiver. However, as will be discussed in

Section 4, the procedures recommended by the manufacturers were not always successful.

) "The receivers were operated using Group Repetition Interval (GRI) 9960 which is the assigned

GRI for the Northeast United States.

3.3 PARAMETERS OF TESTS

3.3.1 Assumptions

• Receiver bias error would be constant (or could be normalized) for the tests;

- Receiver tracking bandwidth could be established through step response tests as described

in the USCG's "Five Day Test 'tan -- Project W0944- A4

* Insertion of interference into the simulated LORAN-C signal with simulated atmospheric

noise would permit establishment of 0.3 microsecond error limits for a band of

frequencies. It was expected that the receivers would exhibit less susceptibility as the

interfering frequency, f,, was displaced further from 100 kHz;

* The LORAN-C signal strength as measured at EECEN is representative of typical service

areas. This was used to establish signal levels for all stations.

3.3.2 Types of Tests

3.3.2.1 Frequency-Related Forms of Interference. CCIR Report 915 as amended by Revision I states

that a 1.0 Hz protected bandwidth around LORAN-C soectrai lines is desired. This is oredicated on

-e ooservarion that marre receivers tyoicaily exhibit a 'esoonse o ; 0' 1z, that airborne receivers

- ." a -esoorse o 0 ' -z, 2rd -- at a safe'i lac-or o; '0 1 s *Qer" -o oerr-i -orr-ai ece,ver

ooerat:on 7ovefy ris cnterion, the receiver trac-<;rg barcvct- vas deter-''ed for each receiver

3.3.2.2 Amplitude-Related Interference. The rms signal evel of *he LORAN-C ouise, as de~ined at the

standard sampling point, was compared witn the rms level of the interference to obtain a measure

of signal-to-interFerence ratio (SIR)

3-a
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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 receivers.

- ,' 3.3.4 Test Procedures

3.3.4.1 Receiver Biases. All identified 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, i.e.,

nominal 0.0 microsecond TD error.

3.3.4.2 Tracking Bandwidth. The tracking bandwidth of each 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

receivers 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 EEC_:N following assessment of the data

gaznered during "re or nc:oai signa!-to-,nterfererce ratio tests ;or re ourpose of conact'.g a se-es

or test vaidation -easrerrents These tests nc'..clo a rmitec samoie or rece!,,er acouis,* on teszs

as well as a reoetition of selected sets of SR trackrg measurements. Gaussian anD atmosorerc

noise sources were employed Correiation of required signal to noise evels with selected noise

sources was made.

3.3.4.5 Retention of Data. All test instrumentation set-ups and tests were documented so that they

could be reoeated at a later date as required. All raw data acquired during the test program and

related project notebooks will be retained for a period of 5 years. This will nsure that suoport:ve

data is availaole throughout the next CCIR 4-year cycle.

- I "-'3-T5
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3.4 SIMULATING INTERFERENCE AND SELECTING FREQUENCIES3

3.4.1 Near-Synchronous Interference

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

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

where fb 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 signals. 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.

0 Narrowoand FSK t 85 '-z modulation, centered( aoout f, 3aud Raze 1 '0

0 S 'Nideoana :s< - *0 cranneis, 300 Hz soaC',ng, cenlerea aoou-, f, NI. h totai emission

bandwidth of 3 <Hz, Baud Rate 300.

3-6
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* 3.5 FREQUENCY ASSIGNMENT

3.5.1 Nominal Assignment

Frequency assignments for the signal to interference tests were spread throughout the 70 to

130 kHz band. Ten frequencies were evaluated for CN and wideband FSK interference. Evaluation
of only five frequencies for narrowband FSK were made since performance patterns became obvious

after conducting the CW and wideband FSK tests.

The nominal frequencies of the interferences selected were:

a. 72 kHz f. 101 kHz

b. 78kHz g. 107kHz

c. 84 kHz h. 113 kHz

d. 90 kHz '. 119 kHz

e. 96 kHz j 125 kHz

3.5.2 Specific Frequency Assignment

The specific frequencies selected are shown in Table 3-1 and were derived as follows:

a. For near-synchronous types of interference, the specific frequency was selected from:

f, = f, + 0.006 Hz, where f, was the closest spectral line to the nominal frequency.

b. For non-synchronous types of interference, the specific frequency was identified from:

f, = f, + 1/2 spectral spacing.

c. Frequency Calculations: Since Loran is a pulse modulated transmission, it has discrete

spectral lines. The soectral line spacing is inversely proportional :o the pulse rate or Phase

Code Interval (PCI):

I I (1)

"V PCI 2 GR[

where: = soectrai line soacing

DC, = Phiase Code interval

GRI = Grouio Repetition Interval

for: GRI = 99600 microseconds

= 1 (2)
4 f - 2i 99600 us)(

t 5 0201 Hz (3)

0.
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TABLE 3-1. SPECIFIC FREQUENCIES

* .INTERFERENCE APPROXIMATE NEAREST
C.NOMINAL PERIODS IN FREQUENCY SPECTRAL LINE SPECTRAL LIN E

FREQUENCY 13000~i (Note 1) (Note 2) NO. (Note 3) FREQUENCY

72 kHz 936 72038 HZ 5570 72038.1 53 Hz

78kHz 1014 78038 Hz 4374 78042.169 Hz

84kHz 1092 84038 Hz 3180 84036.145 Hz

90kHz 1170 90038 Hz 1984 90040.161 Hz

96kHz 1248 96038 Hz 790 96034.137 Hz

101 kHz 1313 10 1038 Hz 206 10 1034.137 Hz

107kHz 1391 107038 Hz 1402 107038.153 Hz

113kHz 1496 1 13038 Hz 2598 1 130421169 Hz

119 kHz 1547 119038 Hz 3792 1 19036.142 HZ

125 kHz 1625 125038 HZ 4988 125040.161 HZ

)Notes: (1) Solving n in equation 6 using the nominal frequency and truncating to an integer

(2) Solving for fin equation 6 using n from column 2.

(3) Even spectral lines were used to avoidi 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.

P.,.'.~To find a spectral line,

Nrere: ;s = soect rai ire -Iecuenc-/

N an integer

1c= 00 k Hz carri er fcequ ency
07

Next, the effect of th-e interference on master and secondary sta-ions '.as Considered. :or

a synchronous interference, if *,here were integer number of oe'oos of rre,-e~e-ce

between master and secondary, botn stations would be 'n-ohase and -ne -~error

would be minimal because both stations Nvould w-ander together

3 -8 . - -



This effect was avoided by the choice of out-of-phase frequency selection, partly because

of an amplitude difference between master and secondary, and partly because selection

of interference frequency was restricted to an out-of-phase criterion.

That is:

n+ 1/2 TD(5)"l f,= TD

where: f, = interference frequency

n = an integer

TD = time difference

or:

TDi"Ifn1/2 
(6)

d. Modulation Calculations -A Frequency Shift Keyed (FSK) or Fl signal was also used in the tests.

A binary FSK waveform with a continuous phase and constant envelooe was used The

general expression for the waveform is:

(7)
Z(t)=A cos(2nft-2nf,(D( l)--e)

where: 0(t) = a random binarywaveform with levels -'l when k = 1 and-1 when bk =0

f, = carrier frequency

fd = frequency deviation

" bk = bit stream, O's or 1's

The instantaneous frequency, f,, is:
.f, f, fd Drot)), or (8)

,-.. = f " fdfor o ft)=1.orbk = z;or (9)

. 'or Dr . = :

:or h: ests,

.f= 85Hz

bk = alternating I's and O's (squarewave), simulating a 100 Daud data rate, '0

S- ms per bit.

;or a large freauency shift compared to 'he data rate, malor oeaks in the power spec ral

lensity curve occur at the requenc:es, f * f, and - f. mpulses corresoonding o .re

,iscrete ;requency sinusoid comoonents are not present because:

3-9



2fd~ mrb(h

Where: m =any integer

rb =bit rate

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

selected so that fc + fd was 0.006 Hz from a LORAN-C spectral line.

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

~,~9 synthesizer:

Z(t) A Acos (2 rrfct + 2 rtf,(a(t)) 6 ) (12)

where: a(t) n from 0Oto 10

f, frequency increment

The instantaneous frequency, fj, is:

0 t3 f~ .rq~(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 ins.

9.-*f- interference Amplitudes - The signal-to-interference ratio, as used in these tests, was the

ratio of the LORAN-C signal rms voltage at the standard 25 pis samoling point (SSP)*, and

the interference rms voltage. A wide-band, true rms voltmeter wvas used to measure the

'. interf erence l evel s.

TAB1LE 3-2. FREQUENCY ASSIGNMENTS FOR NARROWBANO FSK

\lomirai Aooroxiinate

:recuercy ( -z) ,~,.9~ -Z) :- .:c (-Z - ( Z.

73000 78038 7-1872 ' 75 73C12. '75

900030 9C040 39870 '67 3OC410 '67

i01000 '01034 100864 143 101034 !43
1 13000 1 13042 112872,175 113042 175

125000 125040 124870 167 '25040 :67

As aerinea in zme R7CMv Minimumr Derformance Stanodaras far Marre _ORAN-C Recedvig
a Euio men t.2

3-'C



4. OBSERVATIONS

4.1 GENERAL

On-site review of the EECEN data and data-takng procedures, undertaken as ,wrected in the

Test Plan, revealed several unexpected observations:

I) Remarkably robust performance of marine receiver M 2 ;n the presence of near-

synchronous continuous wave interference (CMN).

2) A high degree of sensitivity to NI exhibited by marine receiver M1, in light of the more

typical performance measured when it was suIjected to other types of interference.

3) A relative decrease in the sensitivity exho, tea by several receivers to interference at 113

kHz.

In all cases a detailed review of the E'ECEN data, and a verification of the data :nrough soot

measurements, has shown the EECEN oata-taKing Process o be sound.

4.2 RECEIVER TRACKING BANDWIDTHS

The tracking bandwidths of the test receivers were estimated from measurer"ents of tre

rereiver servo loop constants. The response time of each receiver to a step change n onase s snown

in Table 4-1. Using the approximation f = (1/2 T), the bandwidths range from 00 07 -z ;or t.,e

airborne receivers, to 0.01 Hz for the marine receivers. 4 These bandwidths are in agreement vi:n tre

range of bandwidths assumed in the Test Plan, and validate the selection of frequences 0006 -z

from the synchronous lines as "near-synchronous'.

TABLE 4-1. SERVO LOOP TIME CONSTANT

me Ove'sroo. ',a.3X

Recevejel Constant Aerage Cversnoor

,- 2.4 seconos '-I 0 seconcs 0 3 secor's

A7 2.2 seconos 8.0 seconcs 0 2 seconds

M, 40 seconds 0.2 seconds . seconds

V11 12.0 seconds 0.0 seconds 0.0 seconds

.vl3  7 0 seconds 5 6 seconds 0 1 secondcs

% -,
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4.3 INDIVIDUAL RECEIVER PERFORMANCE

4.3.1 Review of Data for Marine Receiver M2

The data for receiver M 2, when compared with data from the other four receivers, indicated

unusually high insensitivity to near-synchronous CNI for all test frequencies other than 101 kHz, as

shown in Figure 4-1.

The tracking test graphs present Signal-to-Interference Ratio versus Frequency in the same

relationship as is used in ITU-CCIR Report 915. Figure 4-1 presents three curves: the lower one

dentifying the locus of points at which the time difference (TD) combined accuracy (CA) error

,eacneo 0.15 microseconds; the second curve, identifies the locus of points at which TD CA error

eauals 0 2 mnicroseconds; and the third curve establishes mhe ooints at which an error aiarm of some

-ind occurred. Note that there is no 0.3 microsecond curve, the M) receiver annunciated an alarm

tam ceFore T error mad increasec to 03 microseconds.

The unexpectedly 'rooust Performance' of receiver M 2 in the presence of nea-synchronous

CWi 's illustrated by the steepness of the slopes of the three curves. The ;)lot indicates that an

emitter radiating at 100 kHz would create a 0.15 microsecond TD error at LORAN Signai-to-

Interference Signal Ratioof - 10dB ?nd would prevent use of receiver M2 at-S cd8.

However, note that at ooints ± S kHz from the LORAN central carrier frequency the data

.ndicate that SIR may be reduced by 20 dB and at t 10 kHz by ±t 40 dB, or stated in terms of the

nterferer, the offending emitter can apparently produce a 40 dB stronger signal than would be

-olerable at 100 kHz.

-igure 4-2 comoares the resoonse of all five receivers to near-syncrronous CW!. n mris

lustration, only the 0 3 m-icrosecond TD CA or Alarm _.mrit curves are oresenteJO. Receiver Mi1.

:c.:o0es1me: e:e 0 i - e -,!or :acnm ece've ex"tSQ ziea Z"-e rV- escorse' -0

*!I__ xL, t e.a r 3-"e' -c-, "eceers i,. •, , A . are iee" o cz. Z-le;-

" uos anti;a 1 Yvcer oamc:-,ctn trhan ecever M, acnd -ecever V aocare-t:1 eat-es 3r- 3cc ama.

, (2Cd moro ,eme" R

i. ormaly, -.ne oer-ormance of receiver M wouio be assoc:ated with eitner soec ai ecetver

- -rocessing or an extremeiy narrow RF oarcwicdtn o verify the measured ata, m e -on-

. syncrnronous C',Vl test was reoeateo at ime 35 ,-z -ornai) ireouemcy is reoeat measurement

I ,ed -.ne nte;'ere_ Ce . eject or caoaoit;es a,3r giaiy measured cy =-CE:"i

0%
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In an attempt to understand the frequency sensitivity of the measured receiver performance,

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 96 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 co understand the receiver's performance, the skywave interference

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

data showed a very large 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

part of the receiver. Time constraints prevented further investigation of receiver M 2 behavior.

4.3.2 Critique of Marine Receiver M, Performance

The EECEN data for receiver M, showed a very high sensitivity to near-synchronous CNI

(Figure 4-3). To verify the original EECEN measurement, several points were -spot checked. These

checks validated the original data.

4.3.3 Decreased Sensitivity at 113 kHz

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

removed from the 70 kHz - 130 kHz band.* During the validation test series, it was determined that

notch filters remained operational in several receivers during both the original EECEN tests and the

later 75C validation tests.

4 ': Receiver A. was eouioced ,n ;our 4lxec arc -o" au'o at;c 0ocses -e 'o,& au:oz'a c

S'ozcr'es were aisaolci ising a oroceoure orovicec oy -re -arL;act._re, S,3 sec_.e-- " a sc.ssors

v:n :he manulac:.rer ndicated -nat the notcn asaoitrg orocecure esi,.ea n -.ove-er, of vo of

'ne notcres :o oositions at 50 kHz and two to oosit:ors at ' 4 'z. Contrary to plan, ne our xec

notches were not disabled; these had been adlusted at the factory to 88.0, 3 0, 87 3 and 123 0 K<z.

..

• *qeceivers were ordered with these stipulations. Initial data analysis indicatea decreased sensi ivity
to interference at 1 3 khz for several receivers and this was verified during -.he validation tests.

Il

4'

I'Ie%
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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 CWI

and NB FSK in the region of SIR -10 dlB 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 Al

Frequency kHz

85 90 95 105 110 115

Near-synchronous CWl -45dcB -15dB -12dB -13dcB -36 dB -55dBI

Non-synchronous CWI -50dcB -21 dB -12dB -10dB -34dB -55dB1

N8BFSK -12dB -5dB -3dB -8dB -20 dB -25 dB

WSBFSK -14dB -5 dB 2 d8 -3 dB - 5d8 -10dlB

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

41SIR 1%SIR
110 versus 90k ~ 115versus85kHz

Near-synchronous OWI 21dcB 10dlB

Non-synchronous CWI 13 dB 5dB

NB FSK 15dcB 13 dB

1WB FSK ±0dB -4dB

Airborne receiver A, was equicoed with nine notches. These had been factory set to 73.6, 77,

88. 1 13 2,. '53 1 19 85. 124, !28 25 ano 13-19 <I-iz. As Nitn reCeiver A ' "e lotcn 3, ! 3 2 '<.-z

aooears -o rave arec-ea tr-e cata :.a~er at 1 13 <-z.

Marine receiver M- was ecluicoeo with tour automatic and several oci io ai fixed ocr - itrs.

Durng heEECN tst, ne automatic notches were disaoied. Two fixed nocet <e1o8 n

113 kHz, were Present. Again, 'he 13 kHz data were affec-ted, although to a much lesser extent and

WTV then only :he NB FSK data disclosed a meaningful displacement.

4-7
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Marine receiver M, was equipped with four automatic notch filters. These were successfully

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 M3 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 a 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 M 3

- SIR versus Frequency

87 kHz 1 13 kHz

Near-synchronous CWI -30dB -35 dB

Non-synchronous CWI -25 dB -35 d8

NB FSK -22 dB -30 dB

WB FSK -27 dB -35 dB

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
interference at frequencies near 113 kHz. As a result, the recommended protection criteria boundary

curves in Section 5 were adjusted downward at 113 'Hz to orovide symmetry about 'he central

reauency of '00 <.z.

4 4 LIMITATIONS OF DATA

An examination of-re TD comDined accuracy ,ata computed oy :ECEN during .re cata-

taKing phase of the :est snowed t:hat for small values of )itter, the value did not monotonically

increase with decreasing SIR. in an attemot to understand .his onenomena. two asoec-s of zre

measurements were considered. The ;irst was resolution of the disolayed time difference -eadings

"The secor'd asoec: ,vas th'e jter !o oe exoec.ed ,n simulated atnosoner'c noise of an tensity

.ecessary to orocuce a signai-.o-roise .ato of -10 CB

eL

I, " .0

0,w¢ l
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4.4.1 LORAN-C Receiver Resolution

Several of the receivers tested provided TD outputs with a resolution 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 d8 'atmospheric', produced by the atmospheric noise simulator of the

LRTC II. Measurements derived using receiver M 3 equate a -10 dB LRTC I atmospheric noise level to a

0 d8 Gaussian noise level A GRI of 9960 and a 0 d8 Gaussian signal-to-noise ratio (SNR) yielded an

expected litter in the range of 0.073 to 0.103 microseconds for a receiver with a time 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 litter 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 TO CA values of less than approximately 0. 1 microsecond were strongly

affected by the measurement technique, and changes in TO CA in this range were not necessarily

indicative of the effects of interfering signals.

4.4.3 Change to Original Test Plan

The orngiral .est alan cailed for the inter-ference tests to be accomolisned at decreasing Signal-

eece -az'os j-'. a OCe-t vre'e *re 7: CA vaS greater *"a or eauai 3 -:croseconc

Drng tre esz'.g, a CA jalue o; C 3 icrosecora vas seldom reaizea, as "ost ,eceivers -rccatec a

;ag conoiti on or e-,er 3L.N<. CVC'E or ow SNR at vaiues of CA wNe!I below 3 -microseconc. This is

,r'Gicatea in F*gures 4-1. .1-3, 4-8. and -1-9

.-or ourposes of analyzing the data, either a 7D CA ialue of 0.3 microsecond or excitation of a

receiver alarm, wnichever was experienced first, was used as the limit of tracking. It wa assumed

th'at an ooerator would consider the TD data unusable in the presence of a receiver aiarm even
tountre system rignt continue ".o track. Thie receiver sensitvityl curves and Minimum

aerormance curves aooearing n sections '1 and 5 are olotted to reflect the TD CA boundary of 0 3

-icroseconc and/or a ,eceiver flag conar:on

3
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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 receiver tracking tests wvould

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 LIRTC Il.

The simulated wideband FSi( interference spectrum spanned aoproximately 3 kHz, or roughly

600 LORAN-C signal spectral lines. While it was possible to consider each one of the 10 lines which

comprise the signal to be either a near- synchronous or non-synchronous CON interferer, the true

effect of the interference was that of energy fairly uniformly distributed over a 3 kHz bandwidth.

Thus, it was felt that the charac,,erization of wideband FSK as eitner near-syncnronlous or non-

- synchronous -was not meaningful For this reason, a single classification of "Wideband interference"

was aacooted.

A similar consideration held for narrowband FSK nrterference 'n ,his case, nowever, the

* . spectrum was narrow enougn to warrant additional testing. For this reason, a tesz was oe-4ormed

jsing receiver M3 to determine vvnether or not there was a significant difference between tr'e t'No

cases. Figure 4-10 and Figure 4-1 1 present the receiver alarm curves. If the two sets of curves are

superimposed, they are seen to be almost perfectly congruent. Based on this evaluation,

narrowband FSK interference protection recommendations were not identified as being either near-

synchronous or non-synchronous.

4.4.5. Acquisition Tests

The acquisition tests were concuc-ed in th'e oresence of near-synchronous narrowband FSK

*nteerecethe mrost iif~cjlt situation for a receiver !o overcorre. -or tns -esste signai-o-

-o se ~a o o; - : B3 i ,zO :or th-e *rac,- g tests .vjas -orovec t.o a S~~ 1i R s c-arge

* .',as -ace 'o assure a ,g- oroac-t o" z~c .-,ce seiec-.cr ze-ore or o -

ts rioted that a sigraito-r'oise at~o of -IC oB is tne spec ;e:- oviest SINR at 'vrc- -ost

receivers will correctly -,quire LORAM-C signais. Improving the ratio assurea t7nat tne iaratiors .n

measured receiver acquisition cerformance could be attributed t o tne mirposec: ntere-ernce.

F gure 4-12 Preserts cu rves -or znree -ece~vers. -he thresnoid of r-terference-ac:-eotaoiiit,/

was set at 6 minutes. An nzere~ence conciticn which oreventeo a rece'ver rorr cor, ect:y acquiring

'ne third c'yce vith'in 6 m-inutes of system- turn on was seo as zn e ':-K 00irt

.. it
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5. RESULTS

5.1 GENERAL

This section presents composite 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 receivers 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 all f've receivers when subjected to near-

synchronous CWI. Further study of the data showed that if 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 CNI. Figures 5-2 through 5-4 presents composite envelopes for each of

the remaining interference types. Tick marks on the vertical axis indricate 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 5-1 through 5-4 represents a

threshold. When the signal to interference ratio is greater than the threshold, all of the receivers

performed within acceptable limits. The threshold ratio was chosen as a minimum for acceptable

performance.

_S, 5.3.1 Continuous 'Wave Interference Curves

Comoarison of receiver cerformarce 'or rear-syr~c.ronous versLs n O)-syncrrorous

interference snowed tnat the receivers needed a 5 dB morovement :n signal evei to achieve normai

performance. Minimum performance curves were .reoared for each type of continuous wave

interference and are presented in Figure 5-5 The format of the curve is that used by the CCR in

.Repor-t 915.

S%%
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5.3.2 FSK Interference Curves

Examination of all FSK information showed that the required signal to interference ratio for

"nrium ece-jer roer'orrarce vas t'-e samre for botn tyoes oi rnterfererce exceot at 1 13 ,"z As

cidscjsseo r, sect:on 43 3, -our oi rne receivers efFentvey -ao notches at :nlis *frec;uercy arc! nu

,vere 'ess sersitive to the interference, The fifth receiver was insensitive to ooth' types of FSK

rter'~ererce Reflecting this analysis, a single curve was produced for FSK interference and s

presented in Figure 5-6.

5.4 RECOMMENDED PROTECTION MARGIN

The minimum performance limits presented in Section 5 2 reflect the effect of various types of

interference on receiver tracking performance. A protecton boundary for LORAIN-C receivers must

also incoroorate allowances for receiver acquisition and variation in atmospheric noise struc-ture.

5-6
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5.4.1 Receiver Acquisition

Receiver acquisition in the presence of noise is a more difficult task than continued tracking

vvnen noise s introduced The accuisition *ests discussed n Sec-;on .1 4 5 orovided cara 'o es*aoiisr

an addlitional Protection margin. Comparson of the acquisition versus !.acK~i'g oerformance or tne

- ,~receivers tested ndicated that at least a 5 d8 higher SIR was required to correctly acquire a s~gnal

than was required to track. The observed limit was smaller than expected. Re-examination oi

tracking data showed that most receiver failures occurred due to issuing of one of the receiver

alarms rather than loss of signal track. The mechanisms which trigger the CYCLE, BLINK AND SNR

alarms are related to signal amplitude rather than cycle tracking and reflect a measurement similar

to that involved in the cycle identification task. A margin between 5 to 10 dB is desirabie for

acquisition protection.

5-7

'N~ %



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 I1. Identification of noise variation throughout the

regions was beyond the scope of this 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 dB. A figure of 15 dB was selected. 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 Ft -\iF SING EFFECTS OF MULTIPLE INTERFERENCE

The testing used to develc - )ran-C interference sensitivity curves shown in Section 4 and

' summarized above, employed a sing -. interfering signal for each of the types of (nterferrng signals

tested. This section describes a technique which could be .ised to assess the overall effect of a

p "nuiz:Olic~t/ of interfenng signais (i-ore ,eoresertai,4e of eai-vor'd cOntonsl) ,Vnrcl vary ootn -1

'eqLencY ana -./ pe The :ec77niQoe ,tas aeveooeo af-e, :or-o e! or of rterere-ce tes-s a - .r e

",er'ed tnrougn u.,trre tests

5.5.1 Assumptions

0 Due to the puise nature of the Loran-C signal, the effect of a multioiic~ty of interferers on

the samoing coint ill add )n a root sum square manner, according to their effective

evels durng post samoing signal Orocessi-g

The Loran-C -eceivers sublect to protection by this criteria are designed to ;nc!ude at least

Four -otcn filters. "vo of th'ese ;ilters are 'ocated above the Loran-C Oand in vie

% %-%



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 accomplished

using the following nine steps:

STEP I

-, *At geographical locations inside the LORAN-C coverage area to be protected, determine the

equivalent rms s;gnal level of the weakest LORAN-C pulse train to be tracked at the standard

samolirg point. This is the effective LORAN-C signal strength.

SSTEP 2

Using the signal protection margin required for near-synchronous interference at 100 kHz,

determine the maximum acceptable interfering signal field strength. This level is assumed to be the

maximum, Ne!gnted rss interference signal level acceptable to a LORAN-C receiver at the selected

'ocation The near-synchronous level was seJected because testing showed this type of interference

to oe most detrimental to LORAN-C receivers.

STEP 3

For the selected location, identify all interfering signals and characterize them by frequency,

ntensity and modulation type. The modulation types to be considered are near-synchronous CN,

,on-synchronous CN, narrowband FS< and wideband FSK.

ec .ce a!, -:ee g s,gr'ais eve-s v -re -at.=o of :he selsszv ' of :"e ece ,e, 'o -e -'ce

-- .d '-e reaue'-c, oi -ter-er',-g signal, n accordance witn :he relat:ve e'eC- of r-er-e'erce shown
S' o re orotect:on criter'a cjrves.

STEP S

"' Identify the interfering signal in the frequency range from 70-90 kHz which has the greatest

effect. If the bandwidth of the signal is less than 100 Hz, reduce ts effective intensity by 30 dB under

the assumotion that the signal would be notched by the receiver

STEP 6
A_ Reoeat step - to reduce the amolitude of the remaining iargest amolitude signal of

t4 -1-
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bandwidth less than 100 Hz. (Note: It 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 eliminate a single

interferer of bandwidth greater than 100 Hz by placing the two notches side by side, If 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 single broader band interferer.

STEP 8

Repeat steps 5, 6 and 7 for interfering signals in the frequency band from 1 10- 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 level If this ievei exceeds the

maximum acceptable level computed in step 2, the LORAN-C system performance will be reduced to

an unacceptable level.

5.5.3 Example of the Use of Protection Curves

Step 1. Assume that the LORAN-C signal strength is 1.0 millivolts/meter (mV/m).

Step 2. From Figure 5-9, the protection required at 100 kHz against near- synchronous C.N

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 5-10

presents the example for FSK interference.

Step 3 The assumed interfererce sources are shown in Table 5-I below

TABLE 5-1. DATA FOR EXAMPLE

'Itere'ece :-eauerc/ Tyoe of nterfererce evei

4- 1 1 13 kHz ,ear-synchronous C'WVI 7 mV,' r

#2 117kHz N8:SK 7mV/m

#3 87 kHz Near-synchronous CI 16 mV/m

#4 80 kHz Non-synchronous CNI 1 4 mV/m

#5 96kHz NB :SK - 3 -Vr-

5-11

6i ' ' " '""" " o . . ' .. ', ' "" " , , ' ",", ,''"'" &""" " ". ' " " " '



35

30

25 -- igiSCHOJ

S 20

S 5

~- 0

0 -
- -- Interference is 11 dB down

O-10 -0 from 100 kHz reference

-15 -
-20

-25

-30

* 5 10is2253
FREQUENCY OFFSET FROM 100 kHZ

FIGURE 5-9. EXAMPLE OF INTERFERENCE PROBLEM FOR CONTINUOUS WAVE INTERFERENCE

25

00

Z 15 - Interference is 19 dB down

10

5 '

25

0 .0

-52'



Steps 4 through 6 are considered for three examples. Table 5-2 summarizes the calculations.

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 millivolts/meter rss, compared

to the limit of 0.1 millivolts/meter rss calculated in step 2. Note that two notches were placed on

interferer #3.

In example 8, a fourth interfering signal of relatively low level is aaded 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

interference is still acceptable at 0.076 millivolts/meter rss.

, Example C in Table 5-2 shows the effect of a single relatively low level interferer when it occurs

S:in the band from 90-1 10 kHz. As most receivers do not permit notch filters to be tuned inside this

band, the assumed 96 kHz NB FSK interfering signal only benefits from the 6 dB relative sensitivity

protection of the receiver against NB FSK modulation. The net effect of this single nter'erer is an

* -effective interference level of 0.15 millivolts/meter, 50 microvolts/meter above the limit of 0.1

rmIlivoltsI/meter.

5- 3
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TABLE 5-2. PROTECTION BOUNDARY CURVE DATA

Interference Characteristics Reduction Effects of Notch Filters

After After
Relative Effective Notch 1 Notch 2 Final

Nominal Receiver Signal 30 dB 30 dB Effective
Frequency Level Sensitivity Level (31.64) (31.64) Level

Inte-fr",ice 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 .0045 .0045

0.068 rss

EXAMPLE B

#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 .0045 .0045

#4 80 CWI (Non) 1.4 32 (40:1) .035 .035

0.076 rss

EXAMPLE C

#5 96kHz NBFSK .3 6(2:1) .15 .15 rss

CWI Continuous Wave Interference
(Near) Near-Synchronous
(Non) Non-Synchrorous
NB Narrowband
=SK ,euency Shift <eyed
Iss Souare root or _he s ;rr of :-e sa,.are

All rat:os szatea as o: (voi'age 'a,:o)

N.4
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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 protection at 100 kHz. Curves were developed which present the

minimum acceptable interference levels. Acquisition tests and uncertainties associated with

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

Curves which include this additional margin were also produced.

LORAN-C receivers were also shown to 'me sensitive to interference beyond the authorized 90-
110 kH% emission band. A technique 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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