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SECTION 1
INTRODUCTION AND SUMMARY
1.1 INTRODUCTION

This report is the final report on a study of satellite emergency locator systems conducted
by Texas Instruments for NASA—Goddard- Space Flight Center. The objective of the study was
to determine the feasibility and hardware requirements for satellite systems capable of
identifying and locating the position of Emergency Locator Transmitters (ELTs) and Emergency
Position Indicating Radio Beacons (EPIRBs). Both geosynchronous and near-polar-orbiting
satellites were considered. One of the most important aspects of the study was to minimize the
cost of the ELT/EPIRB hardware.

The study was done in three distinct areas. The first and perhaps the most extensive was
systems analysis, which is presented in Section 2. It considers the requirements of the overall
search and rescue problem and the application of satellite technology to this problem. Basic
system parameters are derived from a complete system performance analysis.

The second area of study was the ELT/EPIRB hardware design. The results of this effort

are presented in Section 3. The study was directed toward achieving a low-cost ELT/EPIRB

design capable of meeting the requirements of a satellite emergency locator system. Cntlcal
design areas are identified and various potential solutions are discussed.

The final major area of study is discussed in Section 4. This section covers the spacecraft
equipment requirements for both low-orbiter satellites and geostationary satellites. It considers
block-diagram designs of various methods of implementing the receiver-processor. Key design
parameters are identified. Alternate methods of implementing certain -functions are discussed
where applicable. ' ' '

Before proceeding with the details of the study, the foIIowmg subsectlons summanze the

objectwes assumptions, and" conclusions: of the study. .

1-1 -




1.2 ASSUMPTIONS AND CONCLUSION

: To place the results of the study in the proper perspective, this subsection presents the
o assumed axioms and the major conclusions reached in the study.

The key word, indeed the highest priority axiom governing many tradeoffs in this study, is
rescue. The primary objective of search and rescue is to save lives. Studies have shown that the
probability of human survival decreases rapidly with time.* In fact, the probability of survival is
less than 50 percent if search and rescue operations exceed 4 hours Therefore, every effort was :
made to incorporate technology that reduces response time to less than 4 hours in the primary P
coverage area, i.e., the contiguous United States (mcludlng coastal waters), Alaska, and southern
Canada.

An important corollary to the preceding axiom is consideration of the harsh environment in
. which the system must operate. The ELTs or EPIRBs may be required to transmit in
C suboptimum situations, e.g., damaged antennas, obstructed viewing angles, reduced power, or ]
extreme temperature ranges. Techniques that are completely adequate for well-defined com- R
munications links do not provide sufficient margins for what may be typical operating conditions
for an emergency transmitter. Hence, this study has endeavored to select technologies capable of N
providing margins that might be considered unnecessary in a normal communication system, but o
that are essential to the success of a search and rescue system.

Key parameters influencing success are system dynamic range, mutual interference,
probability of receiving a given message, and probability of obtaining a position “fix.” The )
design goal is to achieve 99 percent probability of detection and location within 4 hours while i

having as many as 400 transmitters in the field of view (FOV). Location accuracy is fo be within i
10 km under these conditions. The probability of only detection will be greater than i
99.9 percent. ' :

Another high-priority objective of the study was to select technology that would minimize
the cost of user equipment. The goal was to provide a system in which ELTs and EPIRBs couid T
! be purchased for under $400. The resuits of the study indicate that the retail price range of

ELTs will be $300 to $500. (These figures are based on large production quantities and do not

include any allowance for amoritization of development cost.) These cost estimates are for units 1
capable of meeting all the objectives discussed in the preceding paragraphs when used with B
suitable satellites. o

ke

-~ A final major objective of the study was to provide adequate growth potential. It is ;
anticipated that geostationary satellites may be used in future systems. Therefore, technology o
considerations. and tradeoffs were made to ensure that ELTs and EPIRBs designed for a low iy
orbiter satellite would also work with a geostationary satellite. In addition, consideration was ; ]
given to the orderly expansion of the low orbiter system to provide capacity for additional

ELTs/EPIRBs.

All objectives of the sfudy were accomplished. Furthermore, the feasibility of a
satellite-aided search and rescue system was confirmed.

T i S 0 A ot Mg e e < ot aae

L

*Department of Transportation, Program for Search and Rescue Electronic Alerting and Locating System, Final Report
DOT-TSC-DST-73-42, .
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1.3 STUDY REQUIREMENTS

The statement of work for this study listed the following general requirements:
Determination of system performance requirements
Synthesis of a position-location/idenﬁﬁcation receiver-processor design
Synthesis of ELT/EPIRB devices to be used with the receiver-processor

Overall system analyses, including geographical coverage, probability of success of
transmitter identification and location, transmitter to satellite link analysis and :
other pertinent performance characteristics. L

The initial assumptions used included a single satellite in near-polar circular crbit at an altitude B
of 1,000 km. After contract award, GSFC requested Texas Instruments to assume that the
satellite equipment would be used on the TIROS-N satellite system and to use the orbital 5
parameters of this sateflite. In addition, the study was to address the problem of using 1
geostationary satellites; the study was to assume that any ELT/EPIRB design should be .
compatible with such a system.

- 1.4 MISSION CHARACTERISTICS : : _ L {‘

Search and rescue (SAR) encompasses a wide area of activity from the local scene usually
- under the jurisdiction of the local fire and/or police department to the international scene, which o

' may be under no well-defined jurisdiction. This study is concerned primarily with two major o
categoies: aircraft accidents and maritime accidents. All domestic aircraft are currently required :
- to carry ELTs at all times; inspected marine vessels are required to carry EPIRBs. These devices
‘ are activated automatically in an emergency. Unfortunately, there is no well-defined system for i
moniforing the emergency frequencies. However, when an accident is known to have occurred, b
the following plan exists for SAR activity: L

! Inland SAR Region—This region is the contiguous United States and the Commander,

= - Scott AFB, is the designated SAR coordinator. '

2 ~ Maritime SAR Region—This area includes the Atlantic, Pacific, and Gulf coastal region.

i The U.S. Coast Guard has SAR coordination responsibility. '1
' " Overseas SAR Region—The U.S. Military commanders are responsible for SAR a

;T‘ coordination in their area. Alaska is an Overseas Region. : ;

i

i

The actual SAR operations are conducted by local Civil Air Patrol, Cost Guard, or other services i
coordinated with the appropriate agency. ' ' ‘

The problem has already been stated: no well-defined means of identifying and locating the
SAR scene currently exist. Many emergencies go undetected. for hours or even days. Once an
emergency is known to exist, additional hours and days may elapse before concluding the SAR
activities, often unpsuccessfully. It is the purpose of this study to evaluate current satellite
technology for use in solving the detection and locatmg problem.

TE

1 5 SYSTEM DESCRIPTION

The detailed analyses completed in this study have shown that the TIROS-N satelhte system L
" can be used for a satellite-aided SAR program. The position determmmg accuracy would be
comparable to that being achieved with the random access measurement system (RAMS)
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currently being used for data collection on Nimbus 6. In addition, the ELTs and EPIRBs
described in this report will be capable of operating with geostationary satellites using either
interferometer or hyperbolic ranging positioning concepts. The ELTs and EPIRBs can be
designed to provide user category identification, craft identification, and user-definable
emergency states. The estimated battery operating time for these devices will nominally be
100 hours, including a 121.5-MHz beacon, '

A system of four TIROS-N type satellites will provide a mean waiting time of 66 minutes
{180 minutes 90th percentile, 240 minutes maximum) for the United States, Alaska, and Canada.
With pround stations located in California, St. Louis, and Alaska, these times$ represent total time
from the initial ELT/EPIRB activation to identification and location of emergencies occurring in
the contiguous United States, southern Canada, and Alaska. The probability of success on the
first attempt is 99 percent or better.

The additional satellite hardware needed for each TIRDS-N satellite includes an antenna/
receiver, an IF/processor, a power supply, and spacecraft interrace hardware. The 406-MHz
satellite hardware is estimated fo weight 50 to 55 pounds, including the antenna, and to require
approximately 50 watts of power. (Exact power and weight requirements will depend. on the
number of receiver channels made available and the technology selected for implementing the
search unit,) The only interface required with the main spacecraft is the primary power and the
telemetry system. However, it is desirable to also interface with the spacecraft command system,
particularly if meaningful tests are to be conducted during the experimental demonstration
phase.

1.5.1 Experimental Demonstration Phase

Once the satellite system is deployed, it will be necessary to evaluate the complete system
for functional/operational capability, including a complete test of the ground-based hardware.
This phase is termed ar experimental demonstration phase and will be used to refine and
optimize the identification and positioning methods in the fully operational system. This phase
will also be used to refine the ELT/EPIRB design requirements and will demonstrate the system
capabilities to the user community, When this phase is completed, the fully operational system
will be available for use by the aviation and maritime community and the SAR coordinators.

1.5 Fully Operational System

The fully operational system is defined as a system of four TIROS-N satellites (or
equivalent) equipped with the appropriate hardware for operating with the 406-MHz
ELTs/EPIRBs, three ground stations (one in California, one in St. Louis, and one in Alaska), and
a production capability for ELTs and EPIRBs. Once this state is reazched, only system
maintenance and user cost would be incurred. The study shows that the operational system
capabilities can be extended or enhanced by additional ground stations. The system as defined
has worldwide coverage capability. However, the penalty paid by not increasing the number of
ground stations is increased waiting time outside the primary (real-time) coverage area. A
functional description of the operational system for the real-time coverage area follows..

In the event of an aircraft or marine vessel emergency, two. modes of ELT or EPIRB
activation are possible. If the accident is catastrophic, the transmitter will be activated auto-

matically and. the emergency code will default fo the general “mayday’ alarm. If the emergency-
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is noncatastrophic, the device can be activated manually and the exact nature of the emergency
can be delineated through a set of predefined emergency codes. Once activated, the ELT or
EPIRB will continue to transmif the coded message at the rate of approximately once each
minute. The message will contain the category (aircraft or marine vessel), the craft identification
nuinber, and the emergency code. The device will also radiate a 10-to 15-mW CW RF signal at
121.5 MHz. (This signal is to be used by SAR homing equipment to locate the exact scene of
the emergency when in the general area of the ELT/EPIRB.)

The signal will continue for a period of approximately 100 hours. However, the signal will
be received by a satellite within 4 hours. If the accident is within the primary coverage area, the
detection and location will be immediate and the SAR coordination center will know:

The identity of the craft in distress
The location of the accident scene within 10 km

The nature of the emergency.

The SAR coordination center will then notify the appropriate SAR organization in the local
area of the emergency. Search and rescue efforts ..n begin immediately. The identity and
position of the emergency will be confirmed within ynother 4 hours. The exact position of the
emergency can be determined via the 121.5-MHz CW homing beacon. (Standard direction-finding
equipment can be used by SAR personnel.) The complete cycle from the initial ELT or EPIRB
activation to final rescue could be completed in hours,

1.5.3 Aliernate System Considerations

The study also considered other means of implementing the satellite-aided SAR program.
The study reviewed all potentially applicable satellite positioning technologies. Primary considera-
tions were position location accuracy and ELT/EPIRB cost and complexity. Once the TIROS-N
satellite system was defined as the carrier vehicle, the selection of position location technique
rapidly converged on the differential doppler method used by RAMS, There are two basic means
of using the technique.

The first method uses some onboard signal processing to do the position location. The
technique is the one used on the Nimbus 6/RAMS data collection system. A second method was
also considered. It requires no onboard signal processing and is referred to as the “bent-pipe”
technique. It essentially receives the full ELT/EPIRB spectrum and translates it to another
frequency for a downlink. This technique, although techmcally fe.mble has two distinct
disadvantages: :

It requires approximately 500 kHz of additional spectrum.
It does not provide worldwide coverage capability.
Therefore, very little attention was devoted to this method.

1.54 Comparison With RAMS

The main objectwes of the study have already been defined. The results of the study define .

an optimum system ‘based on the criteria set forth in the study definition. However, because of

the similarity of the optimum sysiem and the basic RAMS, a comparison between the two is
worthwhile.

1-5
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The major difference between the RAMS system and the system recommended in this study
is the choice of modulation. RAMS used phase shift keying (PSK) while the choice for the SOS
system is minimum shift keying (MSK). The special characteristics of the latter are that it may
be thought of as a type of continuous phase frequency shift keying (FSK) having a narrow
channel spectrum yet having the properties of PSK for optimum signal-to-noise characteristics.
The transmitters used in the RAMS have a power output of only 600 mW. This low power
required the use of PSK to maximize bit error rate (BER) performance. A compensating factor
was the relatively small dynamic range requirements of the system. This is very important since
PSK produces a wide sideband spectrum having considerable power content.

By comparison, the ELT/EPIRB transmitters have a 5-watt power output, thus enhancing
the signal-to-noise ratio. However, the dynamic range requirements are expected to be much
greater in the ELT/EPIRB system because of the possibility of widely varying transmitter power.
The RAMS transmitter power was well-defined and the antennas were oriented properly, which
may not be the case for ELTs or EPIRBs. In this case, PSK would not provide the narrow
channel bandwidth required to achieve the mutual interference characteristics desired in the
low-orbiter system.

The generation of MSK is relatively simple and is comparable to continuous phase FSK.
However, MSK may be demodulated using simple FSK techniques or as a PSK signal using more
sophisticated demodulation concepts to take advantage of the improved BER performance of
PSK. This technique may be necessary if geostationary satellites are deployed for use in the
system.

The baseline system analyzed in this study has a probability of receiving any given
ELT/EPIRB message of 90 percent for 400 active devices in the field of view (FOV). The RAMS
would have a probability of success of only 60 percent. '

One additional hardware change recommended in this study for use with the SOS system is
the vse of a chirp-Z transform charge coupled device (CCD) in the search unit. RAMS uses a
time-compression spectrum analyzer approach. The latter is a viable alternative in the SAR
system, but the use of chirp-Z transform (CZT) iechnigue has definite advantages. One important
advantage is the speed with which the spectrum can be searched. Another is a major reduction in
circuitry and power consumption. The main disadvantage is lack of historical operating data on
such devices, since they represent new technology.

The accuracy of the system described in this report will be comparable to that obtained
with RAMS. In fact, the RAMS data collection system provides a good baseline for evaluating
the minimum performance to the expected from a system of the type described in this study
document. This study suggests only one major change to the basic RAMS: the employment of
MSK instead of PSK.

1.6 SYSTEM PARAMETER SUMMARY

The system parameters determined during the course of this stiudy are presented in
Table 1-1.
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o © . TABLE 1-1. SYSTEM PARAMETERS
Item ] -, Parameler

Qrbital chardeteristics (TIROS-N)

System charicteristics -

. Signal-to-noise density (worst ease)
Minimum required E/n;, for 10~ BER

~ Margin (available for contingencies, suboptimum detection, ete.)
- -Overall probability of siiccess (400 transmitters in FOV} :

Channel bandwidth

. Output (telemetry)-data rate

System error (RMS)

Maximuin doppler shift
- ‘Maximum doppler rate

Dynamic range

49.1 4B-Hz
28.0 dB-Hz
21.1 dB-Hz

99 percent: .
400 Hz
1680 BPS

2 to'5km
+8.9 kHz

99 Hzfs

30 dB

‘1.7 SATELLITE EQUIPMENT IMPLEMENTATION SUMMARY =~

Altitude ) 834 km
Period . .. ° 1015 minutes
Instantancous geographic coverage area 29 % 107 km*
Anpular velocity 3.7142 radians/hour } :
. Maximum viewing angle : +27.85-degree latitude i 1
Waiting times (four satellites, reai-time) - )
Maximum (worst case) 240 minutes ;
S0th percentile : : :
CONUS ' 180 minutes C
Alaska . . _ o o 90 minutes . _ ) VR
Mean aE o o 66 minutes : S
Message characteristics L
Peak power 5 watts ERP. .
Message lengthi - o 1 second ;
Mean period between transmissions 48 seconds ;
Data rate 128 bitsfs R
Modulation : MSK P
. ‘Data encoding Manchester o i |
Error correction Triple-error correctiig cade - |
Unmodulated carrier preamble 102 ms |
Bit sync code - 15 bits -
Frame sync code 24 bits |
Usercode - .7 2 bits
ID code 48 bits
Emergency code -5 bits
Parity check bits 21 bits

]
[
3
;

The system analys_is and 'satéllif'e 'éqﬁipment design considerations indicate that the

geostationary satellite equipment will in general be heavier and require more power.)

i s vt

{full-capability satellite hardware should have the characteristics shown in Table 1-2.. .. .. . .- . . . . ,,ﬁ
. 'The_ satellite hardware is thersfore expected to ‘be similar to the RAMS hardware. . R

Accordingly, the estimated wieght is 50 to 55 pounds and the estimated power consumption is L, !
:50 watts. ‘The exact size and weight will be determined by the implementation technology. (The - = .~ i
|



TABLE 1-2, SATELLITE EQUIPMENT CHARACTERISTICS

R

Item Charzeteristic
Low crbiter ;
Antenna benm angle (3 dB) 120 deptees et
-Antenna gain _ 2.75-dB .
Receiver noise figure 4 dB maximum Iy
Search bandwidth 100 kHz it
Search/assiynment/time 50 ms, maximum we
Receiver dynamic range 30 dB, minimum
-Number of chennel dermodulators 12 : "Tz
Channel bandwidth ' 400 Hz i
Frequency measurement accuracy +0.5 Hz ol
Suboptimum data detection allowance 8 dB Efn,
Output data buffer size 1,024 bits "'i:
" Output data rate 1,680 BPS § §
e , Geostationary, same as low orbiter, except:
b _ _ _ ~ Antenna beam angle (3 dB) 20 degrees N ”:
i e - Antenna gain . 18 dB. : S i
) Receiver noise figure 3dB
2 Number of channel demodulators 16to 20 .
Suboptimum data detection allowance 4 dB
1.8 ELT/EPIRB IMPLEMENTATION SUMMARY ) —
The system requirements for ELT/EPIRB designs were considercd in-the overall system -
analysis. Section 3 discusses various design approaches that can be used to implement ELTs and —
EPIRBs capable of meeting the system requirements. Two approaches to implementing the RF
circuitry and two approaches to implementing the logic are presented. However, the only critical e
design area discussed'is the crystal oscillator; the critical parameters are short- and medium-term - —
stability. ‘Another critical design area, the automatic activation mechanism, is not addressed in '

this study. The ELT/EPIRB characteristics are shown in Table 1-3. 3
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TABLE 1-3, ELT/EPIRB CHARACTERISTICS

Hem

Chiaracteristic

406-MHz Transmitter

*Nominal center frequency (RF output)

*Oscitlator stability _
Lang term (Gaussian distribution)
Medium term (drift rate)
Short term (fractional frequency deviation)

Power output

- Spurious output

Antenna gain
Palarization

VSWR tolerance
Modulatfon

Data encoding
Error_comecting code

Message format
CW preamble
Bit sync code (all ones) .
Frame sync code (see Subsection 2.6.3)
‘ser code ! :
D code
Lmergency code
Parity code

Transmission bit rate
Transmission time
Period between transmissions

406.0285 MHz
406.0715 MHz

- +0,003 percent

1 Hz/minute maximum at 406 MHz
2 X 10™® maximum

5 watts, ERP

50 4B below 5 waits
3dB

Right-hand circular
Infinite without damage
MSK

Manchester

Triple-error-correcting Bose-Chaudhuri code

102 ms

15 bits
24 bits

2 bits
48 bits

5 bits
21 bits

128 BPS
1 secand
48 seconds

121.5-MHz Beacon

Frequency (RF output)
Power outpit '
Modulation

Antenna

121.5 MHz £0.,003 percent
15 mw '

CW only -

Whip

Power Source

Battery
,Numher of celle
'Battery operating lifetime

Opérting temperature range

Size (including batteries, but not antenna) . -

Other environmental requirements

Lithium
6 . .
100 hours, nominal

. Physical Characteristics

—40° to +50°C. -

5 by 5 by 6inches .. -
3 pounds :

Same as corrent devices

) *O_pt__ional_.fr_cquency-_chpioe-can-_h_e 406.05 MHz £0.006 percent with..g. unit’o;m’ digtribution.

- 1-9/1-10




SECTION 2
SYSTEM ANALYSIS

A logical study of the system parametérs that determine the feasibility of a satellite
emergency locator system are presented in this section.

2.1 CHARACTERISTICS OF AN IDEAL ELT/EPIRB
DETECTING AND LOCATING SYSTEM

. An obvious prerequisite to conducting a study for determining the feasibility of a satellite
ELT/EPIRB detecting and locating system is to determine the requirements for an ideal
ELT/EPIRB identifying and positioning system, regardless of the technique used. Then the
feasibility of a satellife system can be effectively evaluated 1n terms of how closely th1s system

-approximates the ideal system.

The ideal ELT/EPIRB detecting and locaiing system can be roughly defined as one that
provides all users with the capability of instantaneously alerting SAR personnel of any distress
situation and indicating the exact location of the incident, yet costs the user nothing while

-reducing the cost of SAR operations. Such a system is more specifically charactenzecl by the

following features:
1. Instantaneous alert/detection of every distress situation

- 2. Instantaneous and perfect position determination of each vincvident
3. Worldwide coverage
4. Aﬂtomatic alerting
5. Ability to indicate the extent of the emergency and the réquired aids
6. No false alarms A
7. Minimum user investment cost, operating cost, and maintenance cost
8. Minimum system initial cost, opemting cost; and maintenance cost
9. Minimum user equipment
10. User equipmerit survivability
11. Independent of weather/environmental conditions

12, Idennﬁcatmn of person and/or craft in dlstress
These features were selected as the 12 most desn‘ed charactenstlcs for use in an SAR
operation after consulting numerous reporis published by the U.S. Coast Guard; the U.S. Air

~Force/Civil Air. Patrol, -FAA, the U.S. Navy, and NASA1 R Many of the features are

ob\nously desuable, while otliers require explanatmn

The primary mlssmn of SAR operatlons is to save lives andfor property Before SAR

activities can be initiated, the followmg questlons must be answered:
’ Who are ‘you?
Where are you?
- . What do you need? -~ -

fa2




Often, since time is extremely important in terms of saving lives (and property), the answer
to these questions must be communicated to SAR personnel as soon as possible after the
occurrence of a distress situation. Since the person in distress may be incapacitated, the answers
must be generated automatically. The answer to the first question could be as general as “l am a
person in distress,” and would be implied by reception of a distress signal. The ideal system
would enable the identity of the person or craft to be established. This could be important in
determining the medical history of a person and any special needs (e 2., is insulin reqmred oris
the person alIerglc to penicillin).

The precise initial determination of the position of the person in distress is obviously
important. While initial position fixing within a 50-km diameter circle might be completely
adequate and make very little difference in total time to reach the scene of the distress af sea or
on flat, open land, this accuracy would not be acceptable for a distress scene located in rugged,
mountainous terrain where search operations couid last several days. Therefore, it is important to
precisely locate the scene of the distress incident, and this should be done almost coincidentaily

with the detection of an alert so that the proper SAR unit could be activated in minimum time.

Ideally, this would include any point on the earth’s surface.

The answer to the question “What do you need?” could also be very 'géheral ‘and implied -

from determininig the identification of the distress signal. For example, if the only information
received was an aircraft identification number and the location of the distress site, a worst case
emergency would be assumed. Additional information (e.g., number of people aboard and the
pilot’s name) could be obtained from a flight plan and the equipment needéd to perform the
search and rescue could be determined from the location of the distress. However, special codes
should be available for emergency situations involving manual activation of an ELT or EPIRB. In

the case of aircraft, such emergencies would be forced landing, hijacking, loss of NAV/COMM

finctions, etc. For maritime operations, such emergencies would be no fuel, equipment failure,
emergency medical assistance, fire, etc. ELTs carried on potentially hazardous expeditions (e.g.,

arctic, mountair_l, or jungle expeditjons) should be able to delineate the nature of an emergency.

It is also obvious that the user equipment must survive any environmental stress existing at
the site of an emergency as well as any stress caused by the incident that created the emergency.
Although this is an important cons;der"tlon it is a common factor for almost any system and is
not considered in this study. '

A final consideration of an ELT/EPIRB detectmg and locating system is the false alarm
rate. A false alert not only wastes time and money in needless searches, but destroys confidence
in the system and is demoralizing to SAR people. Therefore, it is important to ensure that a
system will produce few false alarms, ideally zero.

22 SATELLITE TECHNOLOGY FOR POSITION LOCATING SYSTEMS

Satellites have often been used as a means of determuimg position and a wealth of data

exists from:numerous experiments using varied satellite position locating teéchniques. Tables 2-1.

and 2-2 summarize the major characteristics of the various experimental techniques. Obviously, |

tradeoffs must be made since noné of the applicable systems completely meet ideal SAR

requirements. For example, a search through the Position Locating Accuracy. column .of.
- Table 2-2. indicates that the ATS/PLACE system is definitely the most accurate ard would

certainly meet the accuracy requirements of any SAR operation. Other advantages include
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TABLE 2:1. SUMMARY OF POSITION LOCATION TECHNIQUES _....._

- Exmaples.of Existing S . : o Typical Delay
~or Proposed System . Numlier of o s Approximate Between
- . ‘Necessary . Satellite User . Collection Time Required.  -Medsurement - ;
_ Date §/C for - Orbit “Package Interval for Position and. Position :
: . V - Satellites . of .  Position Altitude  Requiresa . Per © . Locafion Location : f
: Position Location Techriique. *© Name Used - Launch Location '~ Employed Receiver? Satellite Measurement Calculation L“"'—"“"

. Radio location vig satellite . -~ OPLE  ATS III 1967 - 1. Synchronous Yes Continuous 3 rainutes Zero ) i
. welay " .. GRAN LES§ : S - . - - ‘,
: - o !

Ranging rﬁéé;suremenf. ((iunl - PLACE ATSand 1969 and 2  Synchronous . Yes " Continuous . © 1 minute .Zem
:_ " satellite ranging) . ELF- 1971 : : : '

- orbiting satellite using store- S K April 1969;
.- and-forward- capabmtws on Sl Nimbus IV,
.- the satelhte L R - April' 1970
' Salclhte actmg solely asa h
:epeater

. Angle meas_u;ement _j’ ’FATS 6 Interferometer 1. ‘ Synchfonoué No . '__Cuntinuous 1 minute Zero

i
. !
- Sequential ranging fromi_low~: IRLS  Nimbus Nimbug ITI, 1 Low . - Yes . ‘10 hours 4 minutes VariableA i :
&
i
§
©+" (Interferomiéter on satellite)- ;

£C

" Range rate.meastirements : L , A : : ' : :
. Dopplér.with constant - RAMS Nimbus  Nimbus6, 1 Low - . Ne 10 hours 5 minutes " Variableft
frequency source on.the o s June 1975 : . i :
package using storc-and- R ' : ’
forward capabilities:on
1lie satellite -~ ‘ ) _
- Satellite:acting solcly as o - . - , v : s ' : _ - Zero : v
rep eatc‘: . - S o ' :

NOTES: -~ I AT ' S o -
Al '1'lus delay i isa function of thie relative: lucnuon of tlu: package zmd the ground station. : o ) : ' o R

* OPLB-—Relay OMEGA tones vm satelhlc relay to grouud pmcesmng facility.
IRLS— Activated upon recgipt of mlcrrogatmn command.
i RAMSmBmst tmnsrmssmn contammg ID and sensor data, cu.mer frequency, time, ID, sensor data is xecurded on SIC and dumped to the ground penodlcally.
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. TABLE 2-2. SATELLITE APPLICABLE TECHNOLOGY BASE

Ground Transmitter - Position Location BT ‘ _ S ,._7, E
Satellite Programs Power Accuracy Major Characteristics !;
i © OPLE’ 5 wattx 3106 km 56 BPS, 3-minute burst, : 'i
- . retransmitted omega j
3 IRLS 6 watts 7 to 10 km Ranging system, 3-second L
o _ E S C . burst, 1 kbit F
-; EOLE 7 watis 2 km ' Range and doppler, 48 o
i BPS, 0.5 second "~ s
i i
ks LR o . NaA 5 KBRS (busst) o L
' SMS  stod0watts N/A Cot0mR8 ' o :
i P
k ATS/PLACE 250 watts 80 meters Ranging systeni, 600 to ) ‘_ L
ot : ' (tone ranging) 1200 BPS _
B NIMBUS-6/RAMS =~ . 600mw  ~ 2to.Skm - 100 BPS (burst), 1 second - - il
b . : onf60 seconds off, duppler ot
: iucation . ey

; . . . ATS o . . Swatts . 2km Interferometer

continuous coverage of a major portion of the earth’s surface from a geostatiohary satellite and
almost instantaneous 1dent1f1cat10n and location of an ELT. However, this system has two major

- disadvantages for use as an emergency locating system: (1) the user package (ELT/EPIRB) would -
require a recelver, and (2) the user transmitter power requirement (250 watts) is not compatlble . L
“with the cost, size, weight, and operating time requirements for an ELT/EPIRB. The accuracy ' —m
indicated is based on experiments using the ATS satellite with the . power and bit rate indicated o J
and operating in the VHF frequency band. A higher frequency (for a given antenna size) would -
i obviously reduce the power requirements at the expense of beam angle. Data rates could also be —
i lowered to reduce transmitter power while maintaining a given E/n, ratio. However, the user ok
o equipmerit would still require’ a receiver for transpondet operation,.even though the required =~ e
transmitter power could poss1bly be made as low as the 5 to 7 watts required by other methods. ”
: 3 The receiver requirement in the user equipment is undesirable for any emergency locating system e
i because of the increased parts count whlch mcreases cost; degrades rehablhty, and mcreases e

" power consumption,

S : The remaining satellite locating techniques have similar accuracies and require similar peak
I ‘power requirements, except the RAMS transmitter, which only réquires 600 mW. If a position:
accuracy of 10 km or less is presumed adequate, then all systems listed are suitable dnd other

: : criteria must be used to select a system. Two such parameters are power (both peak and average)

e . and user equipment compIex1ty If the latter is used as a selection. criterion, then the non- .. . .
FE e réquirement -of - a receiver-is important and ‘the conmderatlon of ‘systems is reduced to two. (A

technique. called unilateral ranging is not listed in the table, but will be dlscussed later.) These =

 two techniques are the interferometer (angle measuremerit) techmque usmg a geostatmnary o

'satelhte and the range rate (RAMS) techruque usmg a low-orbltmg satelhte : ’

DI . The mterfetometer technique has the: advantage of continuous coverage of a major portion
: ' of the earth’s surface [e.g., the contiguous United States (CONUS)] from synchronous orbit. The R

- alerting capability is -instantaneous and- position determination is nearly coincident. Only one =
satellite is reqmred prowded worldmde coverage s not a major con51derat10n. Whﬂe
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experimental data indicates that position determination accuracies of +2 km are possible at
1600 MHz using a transmitter power of 5 watts, no experiments have been conducted to
demonstrate the feas;blhty of this technique at 400 MHz for field use as a satellite emergency
locating system. Also, since position determmatzon is made by precisely measuring the phase
difference of received carrier signals, reflections from various surfaces near the transmitter can
adversely affect the phase of the received signals and, hence, the accuracy of the position

location., However, the advantages definitely make this technique attractive, even if it is a distant

future consideration. The design of user equipment (ELT/EPIRB) should be compatible with this

technique if possible. The use of geostationary satellites for detecting or locating ELTs is

discussed later, mdependently of measurement techmque

The use of range-mte (doppler) techmques is limited to satellltes in low orblt (500 to‘

10,000 km). The lower orbits provide greater doppler, shifts for better accuracy and require less
transmitter power. They also have orbital periods that are considerably less than the periods for
higher orbits. The disadvantage of the low orbit is the limited geographic coverage at any instant
of time. The range-rate technique can be implemented in various ways. One method uses the
satellite solely as a repeater (*“ bent-pipe” technique). An alternate technique uses onboard signal
processing in conjunction with store-and-forward capability. Finally, the position location deter-

mination can be made using differential doppler in lieu of basic doppler. All of these factors are :

important considerations in selecting a satellite locator system.

'The range-rate technique via low-orbiting satellites has demonstrated positioning accuracies’

of 5km or better using the Nimbus satellite (RAMS). The RAMS system has also been used to
locate simulated ELTS in various environments. The platform transmitters (simulated ELTs) had
a 600-mW RF power output and operated at 401 MHz. The transmitter operating duty cycle was

1/60, thus having an average power drain of only 10 mW. The major dlsadvantage of this system - :

is the relatively long latency time required for ELT detection.

A tradeoff of the two basic types of satellite systems (low-orbiting versus geostationary) is
in order. The criterion will be how well each system approximates the 1deal system.

2.3 GEOSTATIONARY VERSUS LOW-POLAR-ORBITING SATELLITES

'For comparison, the two orbits will be considered ideal from the standpoint of coverage.
The geostationary satellite will be assumed to be over the equator and on a meridian that bisects

the contiguous United States.  The low-orbiting satellite will be assumed to. be in orbit at-an

altitude of approximately 834 km. The low orbiter will be assumed to use the store-and—forward
technique. Single satellites are assumed in both cases.

‘The first criterion i How close each system comes fo- providing instantaneous detection of .

an ELT. The geostationary satellite can “see” any ELT_th_at is within thvev1/3 earth-covarage area
of the satellite, provided the view of the satellite is not obstructed. The ‘viewing angle (elevation

.. -angle) to see the satellite from relative latitudes or. longitudes near 70 is very. low, and, therefore, ..
~ detection is highly dependent on terrajn. If the satellite is in view, “however, detéction can be” '
accomphshed within 1 minute. A single geostationary satellite will not achieve worldwide
coverage, but it can achieve continuous coverage of the continental United States and a major
‘portion of the U.S. maritime regions. T he polar-orbiting satellite; on- the other hand, can achieve . -
~_global coverage of each point on the earth at least once every 12 hours. The position accuracy of :

- both satellites (dlsregardmg transponder rangmg) is on the order of 5to 10 km '

25
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K The automatic alerting capability, the ability to indicate the extent of the emergency, and Sl R
; the false alarm rate are basically independent of the satellite orbit. This is also true of k
survivability, identiﬁcation capability, and Weather/envimnme‘ntal conditions.

The use of a geostatlonary satelhte would in general requlre more transmitter power than a :
low-orbiting satellite. Positioning with a geostationary satellite using the interferometer technique i
would not increase the complexity of user equipment, but any type of ranging (except unilateral ot

ranging) would increase the complexity of the ELT/EPIRB. The transitory satellite system would

require minimum user equipment. Therefore, the low-orbiting satellite system can be assumed to %

require minimum user investment cost, operating cost, and maintenance cost as well as minimum i ;
~user equipment. The amount of spacecraft equipment and ground equipment as well as- operatmg S

rnamtenance cost of the ground equipment should be about equal for either system. SO N

In summary, a smgle low-polar-orbiting satellite would provide a system of global coverage

and adequate positioning accuracy' for ELTs but at the expense of relatively long latency times S

(up to 12 hours). This system would requlre minimum user equipment. The geostationary single P

- satellite system would provide almost instantaneous detection and locating of ELTs in major

_-geographic areas, but not worldmde coverage. The user eqmpment would be shghtly more 0

- ‘complex and expensive. : : : %

2 4 GEOGRAPHIC COVERAGE USING A NEAR-POLAR
LOW—ORBITING SATELLITE

Time is of the utmost importance in search and rescue operations. The time to identify and o
locate an emergency transm:ssnon via satellite is directly dependent on the orbital geomefiry of ;
the satellite. | This portion of the study is based on the use of satellites in a ‘near-polar circular T
orbit at an altitude of 834 km and inclined 99.01 degrees. The following calculations to o
defermine peographic coverage are based on this assumption fthe use of the mean earth
geometry, and nommal physical constants . . o S LT

2.4.1 Orbital Parameters and Satellite Latency Times

Figure 2-1 is a simple sketch of the earth, an orbiting satellite, and the coverage area of the e R

satellite. The instantaneous coverage area is shown as the shaded area, A;. This area is the area z SR

of a spherical segment on the earth’s surface subtended by the solid angle, w, as measured at the SR e

_ center of the earth Therefore the first step in determmmg geograplnc coverage 1s to determme : o e
L H

'Figure 2-2 depicts a cross section of the earth-satellite geometry. The earth’s radius is R,. |

. 'The satellite’s altitude is-h. The slant range from the satellite to the horizon is d and the surface™ . = L

" distance from the satellite’s nadir to the horizon is's. The plane angle at the-earth’s center from -
nadir to the horizon is 8 and the plane angle at the satellite from nadir to the horizon is . With

~ these pararneter deﬁmtlons and the foIlowmg constants, the satelhte s mstantaneous coverage can PR

be determmed S SIS A y Rt Sl N Rt

R, = 6.37 X 10° km (mean radius of earth) R

@
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Figure 2-1. Satellite Coverage Arca " Figute. 2-2. Earth-Satellite Covernge

Simple trigonometry yields: | | :
— 'R, " o !,
@ = arc cos : L . : S o : !

: T Ro +h R : . .

= 27.85°

d=(R,+h)sing

 =3365km

o
= — (27 R
5= 360 07 Ro)

S3963Em

" The solid angle, w, at the center of the earth thgt_déﬁnes_____tlﬁs coverage is: . . ..

= ein2 il
i (2)

S =007278 steradlans P A




The area of geographic coverage is simply the area of the spherical segment'given by:

A, = wR}

i

2.9530 X 107 km?

north latitude and all areas south of 71 2degrees south latitude on each orbital pass. The
remaining areas are not covered on each pass. The areas centered at the equator are the least
frequently covered, i.e., equatorial regions are worst case. Therefore, the maximum time is
determined from the orbital period of the satellite and the rotatlon rate of the earth. '

T The period of the satelhte is given by:

S S - o | [®, +1)?
RIS : : ' ' T=2 ———
.; . ) i gaRg

where ‘g, is the gravitational acceleration at the earth’s surface and is 0.0098062 km/s?. The
orbital period in minutes is:

= -—\/9 396750 X 10°

= IOISmm

o ' The angular velocﬂ:y of the satellite is

w; = 212.81°/hr = 3.7142 rad/hr

The longitudinal displacement of nadir from one orbital pass to the next is:

101 5 min .
"~ 60 min/hr

X 15° /hr
L =2538

vwhere 15 degrees/hour is the earth’s rate of rotatmn '

would occur when an ELT was activated at the equator 5 degrees east of the orbital track just as ‘

_ t1me for thls delay is approxzmately 93, 65 minutes. .

28

The next step is to determme the worst-case Iatency tlme for detectlon of an ELT Tlns :

The near-polar circular orbit provides complete coverage of all areas north of 71 .2 degrees

the satellite left the field of view. This is calculated from the rotation rate of the earth and the .
- time required for the satellite to rotate from a latitude of 27.85 degrees (limit of satellite FOV)
ie ~back to the equator. During this time, the ELT would be rotated to a position more than. =~ .
l S 27,85 degrees of longltude from the orbital track, whlch is outsnde the satelhte S FOV *I‘he orbzt ‘
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The appropriate calculations are:

(360° — 27.85°) 25.38°

Aqb 27 85° —

360°
=44°
360° — 27.85°
At = T_ X 101 5 min
= 03.65 min

- The next opportunity for the ELT to be in view of the satellite occurs when the earth’s rotation

moves the ELT to intercept the orbital track on the opposite side of the earth, or after the earth
rotates through approximately 152 degrees. The satellite must rotate through an integer number
of orbital passes plus one-half pass.

If the ELT is assumed to initially be displaced by 27.85 degrees with respect to the orbital
track, after 4% orbits the ELT is moved:

6 =45 X 25.38°

= 114.21°

The ELT’s position is then 114.21 degrees'-!- 27.85 degrees (or 142 degrees) with respect to the

opposite side of the earth and, hence, not yet in the satellite’s FOV. The next opportumty
occurs after approximately 5% orbital periods or:

=55 X2538

= 139.59°

The ELT position is now 139.6 + 27.85 (or 167.4 degrees) with respect to the reference track. It
is now only 12.6 degrees from the orbital track on the opposite side of the earth and hence is
well within view of the satellite. The total elapsed time shall have been:

t=35.5 X 10L.5+93.6
= 651.8 min or 10.86 hr

The satellite can see the ELT before reaching the equator, leading this crossing by almost

. A smular worst case condition is reahzed when:an ELT is actlvated 12:degrees east of the -
‘ satelhte ‘track just as the satellite leaves the FOV. Six and one-half orbital periods are required to
~move the ELT under the antipodal track. However, approximately 15 minutes (length of time

the satellite is in the FOV) is deducted from the 660 minutes required for 6% orbits giving a

S total of 10 hours 45 minutes. Hence, the worst case latency time for a single satellite exists when

_original orbital track. It is yet 38 degrees removed from intercepting the satellite track on the ..

8 minutes. Therefore, the- maxunum latency time. for ELT detection is approxxmately 10 hours -
45 minutes.

o




an ELT is activated between 5 and 12 degrees east of the satellite’s orﬁital track just as the
satellite leaves the FOV. A conservative worst case latency time for a single satellite is, therefore,
the time for 6% orbital periods, which corresponds to 660 minutes or 11 hours.

The possibility of an emergency transmission remaining undetected for 11 hours does not
appear consistent with the requirements of search and rescue operations. A viable alternative is
the use of additional satellites. The first consideration is the use of two satellites whose orbital
planes are at right angles to each other. Again the equatorial regions are worst case. During a
zenith crossing at the equator, each satellite has an FOV of +28 degrees of longitude. Therefore,
two satellifes will cover 224 degrees of the earth’s surface during one orbital pass of both
satellites. This leaves 34 degrees uncovered in each quadrant at the equator. Since the earth
rotates 15 degrees/hr, more .than 2hours ar required to move an ELT located just out of view
of one satellite into view of the second satellite. However, since the orbit period is 101.5
minutes, two orbital periods would be required, or a time of up to approximately 3% hours. This
is in addition to the 94-minute worst case time lost due to ELT activation just after passage of a
satellite (as described for a single satellite) Therefore, the worst case latency time for a
two-satellite system is approximately 300 minutes or 3 hours.

A three-satellite systern can be similarly evaluated. Three satellites whose orbital planés are
displaced 60 degrees and time phased such that the polar crossings are 60 degrees apart would
eliminate the blind areas at the equator, i.e., any point on the equator would always be in view
of at least one orbital track. Hence, the latency time is reduced to the satellite rotation period.
The latency time for such a system is reduced to approximately 2 hours. However, this is a very
marginal worst case time and a more reliable worst case time would be 210 minutes.

Additional satellites will reduce the time to detect an ELT, but the amount of time
‘reduction becomes less and less for each additional satellite. The latency times given have been
those times required for satellite de.ection of an ELT and have not included any additional time
required for relay of this data t+, a central processing location or any processing time. If the data
is to be stored until a satellite passes over.a data dump point and then relayed to a central
processing point, this additional delay can be as much as one orbital period or 1G1 minutes.
Therefore, using additional satellites to reduce time for detection by satellite yet using the data
storefdump technique is inconsistent. The use of more than three satellites may be justifiable for
other reasons, however. They would also be justifiable if a real-time data link to the central

processing facility were used; e.g., relay via a geostationary satellite or using detect and real-time
- broadcast.

The use of the proposed TIROS-N/NOAA spacecrafi and DSMP spacecraft for the SOS
program is feasible but reQuires longer waiting times because of suboptimal orbital characteristics.
The latency time for a gingle satellite is the same as that calculated previously. For two satelites
(NOAA1 and NOAA2), the worst case differs since the right-ascensions differ by only 60 degrees
" instead of 90 degrees. Therefore, there is a 120-degree angle between orbital tracks (see

Figure 2-3). If the right-ascensions are time phased such that the eastward orbit Iags the other in

_ tlme by 60 degrees, then the worst case Iatency time 1s
4.3 orbits X 101.5 minforbit = 436 min

If the orbits are not time phased, then up to five orbital passes may be required (S00 minutes).

2-10
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The four-satellite configuration
proposed has the same worst case geometry
as the three-satellite systemn previously
analyzed. Therefore, the worst case latency
time for suitably time-phased orbits is 210
minutes while the worst case time for
randomly time-phased orbits is 240 minutes.
A summary of worst case (worldwide)
latency times is given in Table 2-3.

1600

: : Lol

The total alert time can be determined
by adding the time required for tixe satellites
to pass over a data dump point. If ground
stations are located at strategic points
(Anchorage, St. Louis, and San Francisco),
then the alert time is approximately the
same as the latency time for points in
Alaska, the contiguous United States, and
southern Canada. The real-time coverage area
for such a system is shown in Figure 24 and

NORTH POLE

NOTE: DMSP = DEFENSE METEOROLOGICAL ' the corresponding alert times® are
SATELLITE PROGRAM . o .

. summarized in Table 2-4. (Alert times are

208132 based on a minimum 4-minute visibility time

Figure 2-3. Four Meteorological Satellite Copfigumtiqns above a 10-degree elevation angle.)

24.2 Satellite Viewing Angles

The previous consideration of geographic coverage was limited to-earth coverage as viewed -
from a transistory satellite. An alternate means of considering satellite coverage is to study the
viewing angles required to observe a satellite in polar orbit from various earth locations. This
allows the effecis of local terrain on satellife coverage to be considered. It also allows one to
determine the time that a satellite can be viewed above a specific elevation angle,

 The first step is to define the frame of reference. For simplicity, the primary X-, Y-, and
Z-axis system has its origin at the center of the earth; the Z-axis is directed through the North
Pole, and the X-axis passes through the intersection of the equator and the meridian of longitude
on which the observation point (or ELT) is located. The Y-axis is perpendicular to the X-Z
plane. The position of an ELT in this frame of reference is then definzd by the ELT’s (or
observer’s) latitude. This point (ELT posmon) on the surface of the earth then becomes the

- secondary origin, or the translated origin. The X' and Z' axes of the secondary origin are then
rotated about the Y' axis so that the Z' axis is normal: to the surface ‘of the earth and: the X’
axis is tangential fo the earth and directed toward the south. The polar angles of a vector
~pointing toward a satellite in the translated and rotatsd coordinate system are the supplements

‘and .complements of the respectlve azimutl and: elevation angles of the satelhte as wewed frorn; A
the ELT p051t1on .

o By .using tlus techmque of translation and rotation, the satellite’s earth-centrai latitude and ‘
* longitude position can - be converted to satellite. azimuth and elevation angles refereniced to the - - a

211
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T Number of Satellites
i 1. 2 4
E .
Worst Case - ) : S
L Satellite - . Satellites optimally time phased NA 440 210 -
o ] %:éi’::t’gs}‘me Satellites randomly time phased 660 500 240
l TABLE -4 SEARCH AND RESCUE WAITING
o TIME SUMMARY (TIME IN MINUTES)
- I Number of . 'Glubal'Cover'._lge (Store and Forward) - Real Time
Satellites 1 2 4 1
CONUS 378% 216 142 280 136
: : 880 - 660 -390 630 "390
1000 790 480 750 510
Alagka 205 117 78 192 98
580 . . 370 290 . 540 350
C730°0 . 710 - . 830 . 730 © 480
Atlantic 514 . 339 - 244
1000 780 550
1140 910. 620
Pacific 415 269 218
" 1000 810 700

1310 990 84D

*Key: Mean—378
90th percentile—880
Maximum—1000

necessary vector operations are as follows:

’ T _ . T N
-  where 7 |
1{:.1 S A ﬁu = the vector locating the ELT with respect to the center of -
- ' o the earth

| evamo—

f.ar»-

obd

-0 degree in-this case: -
= the Iatltude of the ELT.

213

i . - R, = the radius of the earth, 6.37 X 10° km

o = the angle R, makes with the Z-axis-in the prlmary :
reference system of polar coordinates

- =90° — LD, the angIe R, makes w1th respect to the X-Z plane

TABLE 2.3, SUMMARY OF WORST CASE SATELLITE
LATENCY TIME FOR TIRDS-N}'DMSP SYSTEM

66
180~
240
42
.90
150

ELT’s (or observer’s) location. If the azimuth and elevation angles are plotted using polar
coordinates with elevation plotted as. p, a curve is obtained for each longitude of a satellite
equator crossing. A family of such curves is thus obtained for a given observation latitude. The
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The vector locating the satellite is:
R=R/PQ
wliere
K = the vector locating the satellite with respect to B N { i
the center of the earth | o ' . B
R = the radius of satellite’s orbit, 7.204 X 10° km o
P = the angle R makes with respect to the Z-axis :! i
Q = the angle R makes with respect to the X-Z plane .
The satellite may _be located with respect to the ELT simply by: [
= s "
R =R -R,
= 'R'ZA',.:B"“ '.: .
where R' is the vector locating the satelhte with respect to the ELT position, R’ is the slant ]7-"
range to the satelhte A’ i5.the elevatmn angle, and B' is the azimuth angle ,
The vectors R and RD can be represented using the 1, 3, ‘and X unit vector notation: ' H ,
) o
—> - o e
R,,=Rc,x 1+R°y 3+R°zk
_ !
from which JJ
ﬁ=m.—R)T+m.—R)?+m,—R)§ T
Since the orbital plane of the satellite is inclined with respect to the equatorial plane the-
satellite’s position is more easily defined in terms of angular displacement in orbit with respect i
-to an equator cr_c__)ss_mg ‘This angle is the’mdepe,ndent var;able C. ib

- effective equator crossing continually decreases, making the apparent equator crossing longitude a

The rotation of the earth introduces retrograde motion to the satellite. Therefore, the |

function of C. Using the following definitions:

Py = the inclination angle of the satelhte s orbital plane
with respect to the equatorial plane

O = the satellite’s angular displacement above the line of
intersection of the equatonal plane and the satelhte S
orbital plane

E = the relative longitude of the apparent equator crossing

E, = the relative longitude of the true satellite equator Crossing
with respect to the ELT (east long1tudes are considered
positive) : o

5 | | | ~ s enrer i
R T T S T S e e T
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w, = the angﬁlar velocity of the satellite
wg = the angular velocity of the earth’s rotation.

The following relationships apply:
E =_.E0. — wefw, C=E, ~ 0.070485 C
= R(cos C cos E — sin C cos P, sin E)
Ry R(cos Csin E + sm C cos P cos E)
R, = R(sin Csin P, )
Ro, =R, sin A,
ROZ = RO . cos AO

The magnitude of R’ is:

R'=V (R, ~ R, ) + Rz + (R, — Rp,)*

The next step, rotatmn of the X- and Z-axes through angle Ao, is accomphshed by deﬁnmg a

~ new axis system, X', Y, and Z', so that:

-—)

_ 1.=1cosA0-ksmA°
> 7

k' =k cos A, +1isin A,

from which:
i cos A, + k sin A,
PN,

k' cos A, —1 smA

Ry ey
o

[(Ry — Ry, ) cos A, — (R, — R, )smA]1+RJ
+[(R ~ Ry J)sin Ay + (R, — R, )cosA]k’

The polar coordinate angles are:

o (Rx 7 RQX) sin Ag+(R, _ Ro,) co.s A0 S
A" = arc cos =

B = arc tan | : : Y —
' Ry — R‘ox) cos Ay, — (R — Roz) sin Aol

‘The proper quadrant for angles A’ and B’ rhust be determined from the signs of the X, Y, and Z

components: : . ' .
I PR [(R - R, ) sm A + (R R0 ) cos Aol < 0, then 180 degrees must-be added
. to AL T
2. If[(R )cosA (R -—R )smA]<0 and

(@ R, < 0 athen 180 degrees must be subtracted from B’
_(b) R > 0 then 180 degrees must be added to B
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A calculator program was written fo solve this set of vector equations and plot the results
on polar coordinates. The results of this effort are contained in Appendix A, Figures A-1, A-2,
and A-3 are plots for ELT latitudes of 0, 30, and 45 degrees, respectively. The plots depict the
locus of the satellite in terms of elevation angle (altitude) above the horizon and azimuth for a
specific equator crossing longitude relative to the ELT. This system of locating a satellite is
identical to the alt-azimuth method of locating celestial objects. It has the advantage of allowing
the occultation caused by local terrain to be considered. The azimuth angles are with respect to
north, The elevation angle is the radial distance, p, with respect to the center; the center is
O-degree elevation angle and each major circle represents increments of 30 degrees of elevation
angle. The plots, when used with Table A-1, can be used to determine the length of time a
satellite will be visible above a given elevation angle as a function of relative position.

2.4.3 Mutual Visibility Requirements for Real-Time Coverage
of CONUS, Southern Canada, and Alaska

The preceding analyses have dealt only with the problem of the relative position of ELTs or
EPIRBs and a satellite. For worldwide coverage, it is assumed that the data is dumped.

. Qbviously, this approach has the disadvantage of increasing the waiting time by at least one

orbital period or approximately 100 minutes. This waiting time ¢an be eliminated by having
ground stations mutually visible with an ELT or EPIRB and the satellite. Previous studies® have
shown that such mutual visibility can be achieved for CONUS, Alaska, and southern Canada by

locating ground stations at Elmendorf AFB, Alaska; San Francisco, California; and St. Louis,

Missouri. The mutual visibility coverage area for a minimum elevation angle of 20 degrees
between an ELT/EPIRB and a satellite is shown in Figure 2-4. This information was generated
assuming that the satellite would function only as a repeater, i.e., né on-board processing.
However, the information is valid for the low-orbiter system being considered except that the
coverage area will be greafer since a minimum elevation angle of 10 degrees is being assumed for
this system. Alternatively, the coverage area shown may be interpreted as an area of high
accuracy for the waiting fimes given in Table 2-4.

As previously mentioned, one ground station is assumed to be located at Elmendorf AFB,
Alaska. This location is near 60°N latitude and can provide the minimum one-orbit delay 50
percent of the time for ELTs and EPIRBs located outside the mutual visibility area. Two
approaches can be used to improve worldwide coverage. One is to build a fourth ground station

© in northern Finland, Sweden, or Norway. This station would provide the data dump point for
the eastern hemisphere. A second approach would be to move the station in Alaska from

Elmendorf to Prudhoe Bay. This point would provide single-orbit access 90 percent of the time.

{1t would still provide mutual v131b111ty coverage of Alaska.) The favored technique would be the
fourth station, however,

2.5 ESTIMATED ELT/EPIRB POPULATIONS (UNITED STATES ONLY)

The size of the ELT/EPIRB detectmg and Iocatmg system is estabhshed by the ‘maximum
fiumber of such devices that may be expecied to be within the satellites field of view at any

.given time. This can only be defermined from accident statistics. Therefore a revnew of maritime
search and rescue activities and mrcraft accidents is in order. - '

U.S. Coast Guard statistics! indicate that during 1972, approximately 51,000 SAR cases
were handled. -Of these, 48,500 occurred within 25 miles of the shore. '_I‘h_e statistics, however, do
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not indicate how many of these cases involved marine vessels. For the purpose of determining
the maximum system size, it will be assumed that all would be attributable to an EPIRB alert
had an operational system existed at the time. The 48,500 annual cases equate fo an average
(mean) number of 132 cases/day. If the peak demand (or crest factor) is assumed to be three

times the mean; the system would be required to service 396 EPIRBs. This represents the

maximum demand factor expected on the system assuming full deployment of EPIRBs.

- In addition to serving EPIRBs, the system must accommodate the aviation community’s
ELTs. The statistics for this case are better defined for the actual number of accidents occurring,
but are obscured by the huge number of false alarms experienced with current ELTs. For the
purpose of this study, it will be assumed that the second generation ELTs wﬂl overcome the
false alarm problems experienced with current designs. :

The statistics for the number of aircraft accidents were taken from the NTSB Aireraft
Accident Report® for 1975. The total number of aircraft accidents reported for 1975 was 4,239.
Of these, 3,569 occurred during daylight hours. Some of these accidents occurred on airports
(i.e., aircraft not in flight) and would not have resulted in an ELT alert. These inaccuracies are
more than compensated for by the number of false alarms currently experienced, but should b

compaiable to an acceptable false alarm rate for futuré ELTs. Therefore, the accident statlstms_

will be taken as representative of ELT alerts.

The daily accident rate was determined for the months of June through December for
1975. The total number of accidents for this penod was 2,607 and the peak number was 34
accidents recorded on August 9, The statistics for this period are:

Total n = 2607
Mean X = 12.18
Peak X =34
Standard deviation o = 5.64

Standard error gh/n =039
Crest factor . Xmax/X =279

The monthly statistics for this period are shown in Table 2-5. The combined (ELT and EPIRB)
average demand rate for the system is:

CX=132+12

| | =144
“The combined peak demand is: - S
o =396 + 34
=430
2-17
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TABLE 2-5. 1975 AIRCRAFT ACCIDENT STATISTICS _ ]i

Total Mean Penk  Standard Deviation  Standerd Ermor Crest Factor '
Month  Accidents X Xmax o of 1 Xmax/ % ﬁ

June 449 15 21 5.0 . 090 18
July 475 15 30 5.3 . 095 2.0 L .
August 487 16 34 5.4 0,97 2.1 i g
September B2 13 25 5.6 1.01 1.9 i
Qctober 328 i1 18 a3 AR % & BT ¥ _
November 271 9 i7 4.1 .75 1.2 . ‘ 'i
December 215 7 14 2.9 0.52 20 ' !

i
t
!
;
1
¢
!

June R o o o .
4 2607 12.18 34 5.64 0.39 - 79
December

F——

P

It should be noted that while a crest factor of 3 was assumed for the marine case (no
detailed statistics were available), the crest factor of 2.79 for aircraft accidents was determined ;
from actual statistics. This tends to substantiate the validity of assuming a crest factor of 3 for ey 1
the marine cases. However, it is very unlikely that the peak ELT demand would coincide with. - :
the peak EPIRB demand. Therefore, the maximum demand rate for the system will be~
established as 400 per day. This is also the maximum that can be within the field of view since
the ELTs are assumed to be within the contiguous United States and the EPIRBs are assumed to :
be within 25 miles of the shoreline. (The satellite viewing angle of 56 degrees allows it to see the LT
entire United States when over Kansas.)
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Before leaving the subject of population, it should be stated that the use of EPIRBs on all o
boats and ships is not expected to be required before 1990. Therefore, the assumption of a =~
demand rate of 400 may seem excessive. However, this is not generally true since no allowance
has been made for false alarms. As the number of users increases, the number of false alarms
must decrease. Hence, the use of 400 for setting the system size seems justifiable.
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2.6 MESSAGE FORMAT

- It is desirable to transmit, as a minimum, a unique address code with each ELT or EPIRB L :
o signal, If the signal transmission 15 based on burst émission, then an ID code is not only desirable ci f
but necessary. If the transmission is continuous, then the satellite receiver can lock to and track '

{ ~ the signal. If burst transmission is employeéd, then successive transmissions can only be correlated
o via- @ unique address code.. A unique .code is also desirable since this information can be
compared with existing information on the craft, e.g., flight plan information, It is also ‘desirable
to be able to identify the class of user, e.g., aircraft, ship, etc, and to enable the user to

-manually delmeate the nature. of the emergency

The processmg of recewed 51gnals for both the doppler posmon system and the intef- -
ferometry system requires the transrmssmn of an unmodulated carrier during the initial portion
of the burst signal. Therefore the. message format contams a burst of unmodulated carrier at the
i begmrung of the transmission. : :

_ The first step in recovering the data is to acqulre the bit sync clock. This task is sunphﬁed
if a sample of the data clock is transmitted before the data Thus, the unmodulated carner is
followed by a sample of the data clock : :

i
I R r i




¥ UNMODULATED - BIT IFRA'ME- | ' o - PARITY
: CARRIER sYNG | SYNC _ - DATA CHECK BITS
209134 . . o - | L
Figure 2-5, Message Structure ' S
" Before data can be properly decoded, it is mecessary to delimit the beginning of the data. T
- This is accomplished by transmitting a known frame sync word following the bit sync. S
j e

Considerable research has been devoted” to optimum frame sync codes. In general, the longer
-the code, the less. the likelihood -of incorrectly acquiring frame sync.

The desired message bits (and any parity bits) are transmitted following the frame sync
code. This message format is similar to that used on RAMS The relatlonshlps of various le‘thl‘lS
of the message aie depicted in Figure 2-5 B :

2.6.1 1D Numbers

The length of the ID number depends on the information associated with the number. The
simplest technique is to arbitrarily assign a unique number to each ELT/EPIRB. A master
cross-reference would then be used to identify the craft and/or person with this unique number.
The disadvantage of this technique is that a serial number such as this is meaningless without the
cross reference, i.e., the number itself is not generally recognizable. Such a system increases the
amount of paperwork required -at the user end to ensure up-to-date registration information and

. also increases the chance of erroneous information.

- A more desirable alternative is to make the ID code number the same as the craft’s
registration number (or an individual’s social security number in the case of a personal ELT).
- - This technique eliminates the need to establish and maintain a file for unique ELT serial
numbers and the corresponding cross-refererce. It also enables the identity of the craft to be
readily established without the use of a central information- file,

* The 'ma'Jor ‘user categories: presefitly defined  for ‘the- ELTs/EPIRBs -are: aircraft, marine -
vessels, and individuals. The ID number field in the data format should be capable of accommo-

dating any registration number anticipated for any calegory. The user code can be defined with
2 b1ts : . :

The aircraft category can be broken down-into two classes: domestlc an*craﬁ: and foreign
aircraft, The domestic aircraft registration numbers consist of various combinations of numerals
- and letters- that may total as many as six -characters. Therefore -the. ID number field must
accommodate up to six alphanumeric characters. Most forelgn aircraft registration numbers can
also be accommodated with six characters (Appendix B).

Marine vessels are also broken down mto two. classes. The: first class con31st primarily of -
: large ships that are commonly referred to as documented vessels. These ShlpS carry a unique P
registration number called the documentation number. This number is filed with the vessel's
- registration papers in the Coast Guard office. The ungiue number is a standard, 6-digit number. ;
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TABLE -6, DATA FC_}RMAT

User : : Total Number
User Class Code ID Code of Bits Required
* Undefined 00  Not defined '
Aircrnft 61 Requires six 7-bit ASCII characters * 44
Marine 10 . Requires four 7-bit ASCH characters 50
, . followed by five 4-bit BCD numesals . .
Individual 11 °  Requires nine 4-bit BCD numerals 38

Small state-registered. boats are not so simply standardized. However, a. cursory review of .

present state registration systems indicates that the general format of the registration consists of
two letters, followed by either four or five numerals, followed by two more letters. The first two
letters designate the state in which the boat is registered. The last two letters indicate the section
of the state in which the boat is registered. The numerals are 2 unique serial number.

The class of emergency beacons intended for individual use has not been defined. However,

two means of assigning a unique number to each unit have been considered, The first is to assign -

serial numbers to each unit. When a unit is purchased, the serial number would be registered
together with the name, address, and any other pertinent information concerning the individual.
In the case of shops that may choose to rent such equipment to individuais, the shop would be
required - to maintain customer information cotrelated with each rental unit, and ultnnately
forward such information to a central data file via a data link. A second technique is to use an
individual’s social security number. for identification. In either case, a simple 9-digit number
would suffice.

The vanety of ID nurnber formats requires that the code generation be general. For those
IDs that require combinations of numerals and alphabetical characters, standard 7-bit ASCII

characters should be used. For numerals only, BCD codes should be used. To minimize the

number. of data bits, it will be necessary to utilize the user codes to determine how to interpret
the bits received in the ID field. For example,in the case of aircraft, the first 42 bits of the ID
code would be interpreted as 7-bit ASCII characters. For marine vessels, the first 28 bits of the
ID code would be mterpreted as 7-bit ASCII characters while the remaining 20 bits would be

_interpreted as BCD numerals. (This assumes that the last two letters of a state registered boat are

moved to follow the tust two letters.) For individuals, the full ID field would be interpreted as

- BCD. This information is summarized in Table 2-6. The maximum ID code length is 48 bits:

2.6.2 Emergehcy Codes

~ In general,’ the user should be-able .to indicate: the. extent and the type of e‘mérgency'
prevailing at the time. (In the case of automatic activation, the general mayday alarm is -

automatically transmitted; i.e., a worst case emergency is assumed unless manually overridden.) If
a 3-bit emergency code i is assumed then. 32 distinct emergenmes can be delineated. If these codes

- are grouped w1th the ‘user ‘categoty,. then 32 distinct emergencies can be defined in each

category
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It is beyond the scope of this study to define emergency codes for the system.
Consideration has been given to emergency codes only to the extent necessary to define the
message format. Candldate emergency codes are:

1. Out of fuel

2. .Huacked
3. Fire
4, Loss of transrmtter .
5. Loss of transmltter and receiver
6. Loss of NAV/COM ~*
7. Lost |
8. Medlcal emergency .
" 9, Power faﬂure
10. I‘co‘ '
11. Ditching
+.12. . Foundering
13. Aground
14. Abandoned ship

© 15. General emergency (mayday)

The 5 bits are- allocated to the emergency code. However, | bit in the emergency code could

be moved to the nser code to prov1de up to e1ght user categones if other considerations make

this preferable
2. 6 3 Error Detectmg/Error Correctmg Codes

The use of some form of error detecting or error correctlng code or both has been
considered. The use of error correcting codes in environments subject to-interference or noise is

_ _demable- However, the use of such codes has the effect of increasing either the duration of the
message or the data rate. The same is true of error detectmg codés, but to a lesser degree. For

the differential doppler positioning system, which requires a minimum of three signal receptions,
the correct determination of the ID code for each transmission is very important. The possibility

~of widely varying transmitter signal strengths and the rather large path losses assocxated ‘with a

geostatmnary satelhte systern make the use of error correctmg codes attractwe

’ The mformatlon blts conmsts of 2 user code b1ts, 48 ID code bltS, and 5 emergenoy code ' B
bits for a total of 55 information bits. The simplest error detecting sclieme is the ‘even: or odd -
- parity check. This requires the use of 1 additional bit that wilt detect all single bit errors, and in

general the presence of an odd number of errors. It would definitely appear worthwhile to use,
as a minimum, a single-bit parity check. S

, Before evaluating the use of more s_ophjsﬁcdtod teohniques, the characteristics of the
communications system and the communications channel must be carefully considered. First, the

- .method of transmission is- considered’ to be of the pulsed type with a'low duty cycle. Therefore, = =

once i transmltter is actwated the emltted s;gnals may be con51dered to be determmlstxc
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stationary, and periodic. (For FSK or MSK, the strict definition of periodic may imply that the
signal is nonperiodic.) For a geostationary satellite, the characteristics of the channel and the
received signal are not significantly altered. For a low-orbiting satellite, both the amplitude and
frequency of the received signals vary; thus the received signal is neither stationary nor periodic.
Therefore, the normal connotation of BER does not apply. If the channel noise is considered
stochastic, stationary, and ergodic (as is reasonable since the probability of cochannel
interference or having two transmissions occupy the same time and frequency are considered
separately), then the concept of BER can be used fo determine the probability of success in
correctly decoding a message and ultimately in determining the location of the transmitter. These
ideas can be placed in better perspective by stating them another way: If the message is assumed
to be encoded, then a single error in the frame sync code, the user code, or the ID code will
result in loss of the message. Since a minimum of three frequency measurements is required in
the differential doppler positioning system, the loss of a single message could result in
unsuccessful position determination. Thus, a modest BER of 1072 could result in a rather high
probability of failure. For example, consider the cases where three and only three messages are
received. If the source is to be correctly located, then all 195 bits must be correctly decoded. A
BER of 1072 implies that approximately one out of every five signal sources will not be located.
Thus, a strong case is made for incorporating some type of error correcting code in the message.

Any such code should, for a glven BER, result in a high probabﬂlty of success in decoding the
message.

- The first step is ta assume some refer nce BER. For the remainder of the analysis, the
assumed BER is 1 X 107 unless otherwise stated. The fundamental equation to be used is:

: n
P, (k) = ( k) p* qn K
where

p, (k) = the probability of having k errors in n bits
p = the probability of error
a=(-p)

- The first case considered is that for frame sync because without frame sync the data cannot

| , be properly decoded. If a 15-bit frame sync code is assumed and a BER of 10™3 exists, the

probability of successfully decoding frame sync is:

.15
o = (0

= 09851 -

)+ @ % 10990 - ©99)

‘and the probability of not recognizing frame sync is:

pis(k) = 1 — Prs(k) = 0.0149

This is a rela‘tivély litge number. Next consider the case where a sing"lé*error is allowed. The total
probability of success is:

P15 (0) + pys (1) = 0.999896
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and the probability of failure is 0.000104. This represents more than two orders of magnitude
improvement in the probability of success and results from being able to tolerate one error.
Therefore; single error tolerance within the frame sync code would definitely be advantageous.

Next consider the coding of the 55 message bits. There are two basic means of encoding
these bits. One is to break the message into words and encode each word. The second is fo
encode the entire message. Intuitively it would appear that the latter case would allow more
flexibility and, thus, would be superior. However, the coding scheme must be considered since
the latter would, in general require addltlonal check bits. ‘

Compare the probab;hty of failure to properly decode a message consisting of 55
information bits and 20 check bits for: (1)a code having five 15-bit words 2nd a single-error
correcting code and (2) a code consisting of a single 75-bit word having 20 check bits (assuming
such a code exists) capable of correcting three errors. The probability of failure for the first case
is: ‘

P =1~ [1+P§ (0 +5 P4 (0) * Pys (1) +10 » P (0) - PE (1)
+10 - P}; (0) + P35 (1) + 5 - Py (0) * P§s (1) + P§s (1)]
=1 - 0.9427221
= 0,05727790

‘ The probability of failure for the second case is:

p(f) = 1 — 0,9999988541
= 0.000001146

; p(H = 1 -;f(ki)

| where

L = (i) 9 0™
S =75

Thus, the results are overwhelmingly in favor of encoding the entire message as a group. In fact,
the probability of success in recewmg a message even with a BER of 1072 is 0.993 if provision is
made to correct three ertors in any given message. The limiting factor. becomes the probability of
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successfully receiving frame sync. Previous calculations allowed only a single’efror in the received
frame sync. If two errors are allowed, the probability of failure is reduced to:

4.5 X 1077

The probability of failure to correctly receive a message becomes:

p (failure) = 1 — (0.9999988541) (0.99999955)
=1.6 X 1076

If the BER falls to 1 X 1072, the probability of failure becomes:
74 X 1073

The previous considerations have dealt only with the probability of missing frame sync. Another
possibility is that of false sync. This possibility exist three ways: (1) random noise can cause
false frame sync, (2) a combination of random noise/data can cause false frame sync, or (3) data
can cduse false frame sync. The probability of the first condition can be practically eliminated
by simply not looking for frame sync until bit sync is established. The third condition is
virtually bypassed if only a single frame sync word is allowed for any one message. Therefore,
the possibility of a false frame sync event is reduced to that produced by a poor BER condition
at the time frame sync is being received, i.e., during an overlap condition. This situation has been
carefully evaluated in terms of optimum frame sync codes” as shown in Figure 2-6.
Unfortunately, the curve is valid only for a probability of error of 0.1. However, the probability
of false sync occurring can be assumed to decrease as the BER improves. If a 15-bit frame sync
code length with a two-error tolerance is assumed, Figure 2-6 indicates that the probability of
false sync is 0.01. At first glance this does not appear suitable; however, this corresponds to a
0.01 BER environment. It appears that the probability of faise sync is exponentially reduced as
BER improves and that a BER of 1 X 1073 would yield a probability of false sync at least as
good as l X 1073,

The probability of false frame sync should be the same order of magnitude as the
probability of incorrectly decoding the message. The probability of false sync for a 24-bit frame
sync code (Figure 2-6) is approximately I X 1075, This allows 2 bits to be in error and
corresponds to a BER of approximately 5 X 1073, The probability of false frame sync for a BER
of 1 X 1072 should be on the order of 1 X 1076 Thus, a 24-bit frame sync code has a
probability of false sync that is consistent with the error correction capability of the data code.
Before concluding, it is necessary to evaluate the probability of having more than two errors in
the frame sync code. This is approximately 2 X 1078 Therefore, a 24-bit frame sync code length
is consistent for a BER of 1073, The probabﬂlty of fallure to receive a message is found as
follows: : : :

1. Assume a BER of 1073,

2. Assume a 24-bit frame sync code with a probability of false sync of 1 X 1078
3. Assume a message code lengthof 76 bits capable of correcting three errors. -
4

The probability of failure is approximately the following sum (neglecting joint
probability effects):

. roa




2

£es

£

ey
&Y

[

=

-
o -
Q

~
o
|
-

-
=]

-
ol
(9}

1074

10~5

10

j0~7

1078

PROBABILITY OF FALSE SYNC IN THE OVERLAP REGION, Fp

1079

10—10

208135

)
n

.

/c"

<

A

N

A\

|

N\
\

N

\

N

E €= 2
E . Fp VS N -
(OPT!N?UM CODES) €= 1
= €=0, 1,2, 3
= n< 0.10 \
= \\ .
0 '5' 10 15 20° 25 30 3s

. Figure 2:6, Graphic Representation of Fy

FRAME SYNC CODE LENGTH, N

P(f} = P(false frame sync) + P {missed frame sync)

=42 X 1078

The final consideration of the coding problem is selection of the code. There are various codes
to choose from. The oldest and perhaps best known error correcting code is the Hamming
Code.® However, it can only correct single errors within a block or word. There are several
muiltiple-error corrécting codes, the best known being the Reed-Muller, the Bose-Chaudhuri, and
_the Fire codes.® The last group, the Fire codss, are cyclic codes that are capable of comrecting
burst errors; i.e., they are best suited to cases where errors are expected to occur as adjacent bit

" errors. ‘There is no reason to believe that errors in this system will be generated in this manner.
Also, because Fife codes generally tend to be very long, they are riot considered further.
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2 X 1078

+ P(more than three errors in the data message).
=1 X107+ 2 X 108 +1




The Reed-Muller codes and the Bose-Chaudiniri codes meet the error correcting require-
ments. The Reed-Muller codes have word lengths of 2° while the latter have length of 2° — 1.
Since 55 information bits are to be transmitted, 25 > 55 or s > 5. Since 2% = 64 for S = 6, only
nine check digits would be available for a code of this length. A check of primitive codes
indicates that a code of 2% bits cannot correct three errors with only 9 check bits. Thus, the
minimum value of s is 7;i.e., s = 7. Hence, the code word must be 128 bits for the Read-Muller
code or 127 bits_for the Bose-Chaudhuri code, _ . : -

The Reed-Muller code will correct errors in any received message if the number of errois is
e or less where:

o=l 1

Since it is desired to correct up to three errors within any received word, e = 3. The value of s is
taken as 7. Hence r is found to be 4. The number of ¢heck bits, m; is glven by:'

1 + Cl + Cz e +.sCs—r+1
| N (T o
=1+ (1) ¥ (2)
= 29_ _
The number of information bits allowed is therefore:
k=1n-— m
= 128 - 29
. ‘ _ =99
The code is a (128 99) code '

The encoding operatlon for thls code requues the storage of s+ | or eight ba31s vectors {or -

an algorithm for generating them) of length 128, the cdpability of performing modulo 2
multiplication, and the ability to perform modulo 2 addition. The major disadvantage of this

code is that it allows 99 information bits, yet only 55 are required. It is desired to shorten the

code length by the amount of the unused bits. However, the Reed-Muller code is not 2
systematic code and does not perrmt tlus Such codes may emst but are not easﬂy determined.

'I’he ﬁnal class of codes con51dered is that ot uychc codes, and only the Bose—Chaudhun
(B-C) group is considered in detail. All B-C primitive codes of length through 255 bits are shown
in Table 2-7. The shortest code capable of handling 55 information bits and correcting three
etrors is the (127, '106) code. However, since only 55 information bits are needed, there are 51
unused bits, suggesting that a shortened cyclic code be used. This code is formed by subtracting
51 from both n and k to yield a (76, 55) code. This code is also a tnple-error correctmg code.

. The only constramt is that the code must be systematm

The- advantage of cychc codes is that they can be unplemented with sh1ft reigsters and

generally require less hardware than the Reed-Muller codes. There are two methods of

. implementing cyclic codes with shift registers -and. achieving a ‘systematic-code. One is to use.a . '
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TABLE 2-7. BOSE-CHAUDHURI CODES
GENERATED BY FRIMITIVE ELEMENTS

n kot n k n k t

n kot
7 4 1 63 16 11 127 15 27 255 123 19
15 11 1 10 13 .. 8 9 - 115 21
7 2 _ 7 15 255 247 1 107 22 _ A
.5 3 127 120 1 239 2 99 23 o
3126 1 13 2 231 3. 91 25— - o
21 . 2 106 3 1223 4 . 87 26
16 3 920 4 215 5 79 27
11 5 - 92 5 207 6 7129
6 7 85 6 199 7 63 30 A
63 51 1 78 7 ..191 8 55 31 ..
51 2 79 187 9 47 42
45 3 64 10 179 10 45 43
39 4 57 11 1m 11 37 45
6. 5 50 13 163 120 . . 29 47 -
30 6 S 43 14 155 13 21 55
24 .7 36 .15 147 14 13 59
18 10 29 21 139 15 9 6
2 23 131 18 ' n

k-stage feedback shift register and the other is to use an n-k stage shift register in conjunctlon.
with some additional hardware. Both schemes are based on inserting zeros for the k- unused
information bits before producing the parity-check bits, then discarding the k-i zeros before
transmission. This is easily done with a systematic code, These zeros are then inserted in the ;
received code word before the error correction process is applied, and then discarded in- the
decoded message. Selection of an encoding mechanism is not made at this point, but is deferred
to Section 3; it is sufficient to know that such mechanisms exist and that they can be relatively
easily implemented.

At this point, it is worthwhile to summarize the assumptions made and the conclusions b
reached from the preceding analyses.

1. The channel bit-error-rate is assumed to be equal to or better than 1 X 1073, ThlS w111'-' SRR
- now be the maximum allowable rate for the remaining system analyses. £

2. The number of bits in the frame sync code should be 24 and the code should be the _
optlmum frame syne code: : : oL :

11111-01011- 11001 10010-0000 ' o TR

The order of the transmitted bits is right to left. o ) | )
3." The frame sync code tecognizer should allow f'br'tiiro errors in 'thé'receitv/éd: code. -
4, The message bits or information bits should be accompanied (followed) by panty o

check bits generated from a primitive B-C (127, 106) code. The resulting code will be

- . .a shortened cyclic (76, 55) code capable of cortecting three or fewer errors ‘It can also
bc used to detact up to SEven errors. :
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5. Such a sj,rstem will result in a probability of success in receiving any given message of
0.999994, assuming random noise-induced errors.

The total length of the combined frame sync code and encoded data is 100 bits. o

B

Because of the high probability of success associated with the triple-eitor correcting =

code, no error detection capability is needed. However, each received message U
containing no detected errors should be flagged as such to indicate the high confidence a8 i
in the- validity of the message: In addition, the same parity bits can be used in an error N

detection zlgorithm to do both if desired.

3 : These conclusions were reached only after considering whether or not they could be easdy -
: implemented in an ELT and only those that are possible are listed.

2.6.4 Bit Sync Code ' . s
The characteristics of the bit sync code and its length are more appropriately considered T iR
after stndying baseband data encoding and modulation techniques. However, in general, it will be &

n-bits of either the bit sync clock or the all-ones equivalent baseband code.

The required length of the bitsync code is a function of the desired bit-sync phase-lock i
loop (PLL) acquisition loop bandwidth, the channel noise, and the number of cycles over which e 4
the lock detector is to check for lock. At this point, it will be assumed that the bandwidth of . ST
the bit sync loop is greater than the initial frequency error. The acquisition time is then only a 1

- function of the transient behavior of the loop and the characteristics of the phase detector. If
the phase detector can produce a continuous output as a function of phase error, then
acquisition is a function only of the loop parameters w,; and { (disregarding any derogatory
effects of noise). If the loop bandwidth is no less than 20 percent of the data rate, the
acquisition time will be about 3T or three bit times. If a lock detector is to be used, a minimum
of four bit times is needed to determine lock. Therefore, the minimum number of bit times
required for the bit sync code is seven. However; because of the importance of estabhshmg bit
sync lock, the length of the bit sync code should be doubled. This allows some flexibility in the i
design of the bit sync PLL (loop bandwidth, damping, phase detector, etc.) and some tolerance
for noise. Therefore, the recommended bit sync code is 15 bit periods. The final selected =2
message format is shown in F1gure 2-7. '
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2.7 SPECTRUM ALLOCATION

The internationally allocated frequency band for mobile-satellite (earth-to-space) EPIRB
service is 406.0 to 406.1 MHz. This section treats the uses of this band to achieve the desired
service. : ' ' :

The first vatiable for which spectrum allocation must be made is the frequency tolerance of
the ELT/EPIRB transmitter. A review of the specifications for economical commercial crystals
suitable for carrier generation for this band indicates that a tolerance of +0.003 percent is to be
expected over the operating temperature range. Therefore, the portion of the spectrum to be
allocated to frequency tolerance is: '

Af = £4,06 X 108 X 3 X 1078
e £12.1 kHz
for a total of 24.2 kHz.

The second toleranice 1o be considered is that associated with doppler shift introduced by
satellite motion. The maximum shift to be expected here occurs when the satellite subtrack
passes through the ELT/EPIRB position and the satellite appears on the horizon. This situation is
shown in Figure 2-2. The ELT/EPIRB is located at the intersection of R, and d; the satellite is
located at the intersection of d and h. The appropriate doppler shift equation is:

Af, = 1§, (%)

f; = the transmitted frequency

where

C = propagation velocity of light in free space
(2.99723 X 10° km/s)

v = the relative velocity along the communications path.

"Ih_e sign of the shift is positive if the safellite is approaching, but negative if the satellite is
receding. The tangential velocity of the satellite is found from the previously calculated orbital
period and the circumference of the orbit:

2| = 2r(R, +h)
Yr 60T
= 7.433 km/s

 The cbmpoﬁeht of this velocity vector that lies #long the communications path'is: =
l—vtll = [y sin &
" Slplcos®

=6.572 km/s
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. The maximum doppler shift is then:

Afy = 4.06 X 10° Hz (%’—) |

= 8.9 kHz

The portion of the spectrum that must be allocated to doppler shift is, therefore, +8.9 kHz ora
total of 17.8 kHz.

The next consideration is that of modulation sidebands. Since the spectral characteristics of
the modulation sidebands depend on the form of modulation chosen, the baseband data code,
and the data rate (none of which have been discussed to this peint), assumptions will be based
on preliminary considerations of data rate and worst case modulation characteristics, A data rate
of 200 BPS and Manchester PSK data are assumed. Thus, the channel bandwidth is

approximately twice the data rate or 400 Hz. However, the sidebands will be assumed to occupy
+0.5 kHz or a total of 1 kHz.

Tl_m total portion of the spectrum used to this point is:
24,2 kHz + 17.8 kHz + 1 kHz = 43.0 kHz

which represents only 43 percent of the allocated 100 kHz.

This low percentage suggests the use of two distinct channels, which means the use of two
center frequencies. Band [ and Band 2 will each use 43 percent of the spectrum for a total of 86
percent. The remaining 14 percent should be used as a guard band on each end of the assigned
spectrum to act as a buffer against spurious signals generated by adjacent frequency allocations,
in particular the fixed/mobile band that begins at 406.1 MHz and the meteorological-aids band
that ends at 406.0 MHz. The suggested spectrum allocations are shown in Figure 2-8. The
partitioning of each band can be summarized as follows:

Transmitter-frequency tolerance 24.2 kHz
Doppler shift ‘ 17.8 kHz
Modulation sidebands 1.0 kHz
Guard band and miscellaneous 7.0 kHz

Total : 50 0 kHz

At this pomt only worst case frequency variations have been consxdered Nothing has been
stated concerning the statistical variations in frequency. It may be that the frequency distribu-
tion about the mean is not uniform but is similar to a normal distribution. If this is the case, it

may be desirable to use a third channel centered at 406 05 MHz. The Spectrum a551gnment then
would be: S .

Band- 1 406.0285 MHz

Band 2 406.0715 MHz
Band'3.  40.050 MHz.
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406,007 MHZ . : 406,093 MHZ
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‘ 209137 :
i Figure 2-8. Spectrum Allocation for Satellite. Emergency Locator System - 3
| g . |
i 2.8 ANALYSIS OF ELT/EPIRB-TO-SPACECRAFT LINK
y :

An analysis of the ground-to-spacecraft link from an ELT/EPIRB transmitter is important
sinee this establishes the data rate to maintain the previously determined 107® BER. Some of the
systemn parameters are well-defined and are common to both a low-polar-orbiting spacecraft and a
geostationary spacecraft, but others are defined only for one type of spacecraft; some parameters
are selectable and common, while other parameters are selectable only as a function of the P
spacecraft. Some parameters are constant while others are a function of numerous variables. Lo

To provide some continuity in the analysis, this subsection will define all common
parameters (those common to both fypes of spacecraft) and discuss all variables affecting the
transmission path. A numerical analysis of the link for each type of spacecraft will follow in
Subsections 2.8.1 and 2.8.2. In each category, a best case will be defined and a worst case
condition assumed. The maximum allowable data rate will be calculated based on the worst case

link parameters. The minimum available E/n, will also be calculated for various candidate data
rates.

The mean operating frequency is 406.05 MHz and the specified maximum cifective radiated
- power (ERP) is 5.00 watts, or 7 dBW. Since the power is.specified as ERP, transmitter antenna

gain and transmission line losses are not considered. The receiver thermal noise power density is
given by:

e

]
~
A

: where
E: B n, = energy due to thermal noise
= thermal noise power per unit bandwidth
g; 'k = Boltzmann constant, 1.38 X 1072 J/°K.
T, = effective noise temperature, K.
E (NOTE: This is one-sided power spectral derisity.)

N |
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The noise density can be expiessed in decibels referenced ‘to 1 watt (dBW) by:
| | n, = 10 log T, — 228.6 |
The effective noise témperature, T,, is:
T, =T, +(LF-1DT,

where
T, = antenna noise temperature
| T, = standard reference temperatvre, 290°K
L = transmission line loss factor
'F = noise factor of the receiver.

If the receiver noise figure is assumed to be 3 dB and the antenna-to-receiver transmission path
loss is assumed to be 0.5 dB, the noise factor and loss factor, respectively, are:

F=2.00
L=112
The radio blackbody temperature of the earth is 254°K. Assuming that the épacecfaff antenna
beamwidth is sufficiently narrow that it “‘sees” only the earth, this is also T,. The effective noise
temperature is, therefore:
T, = 354°K + (2.24 — 1) 290°K
= 613.6°K

“The effective noise density of the receiving system is, therefore:

= 10 log (613.6) — 228.6
= —200.72 dBW/Hz .

The r}araxneters just deseribed are relatively constant and are common to ‘both the

geostationary satellite system and the low-orbltmg system. . They are. surnmanzed in Table 2-8
Parameters common to both systems, but

not constant, are refraction, reflection, and

absorption. The effects of refraction are TABLE 2-8, ELT/Epmn.To.spAcEm LINK
noticeable only for very low elevation ~ PARAMETERS COMMON TO BOTH SYSTEMS
g L ST clevati oo A : . :
anges. Sbm_ce a 10 degree tlnmémun‘:rﬂ 1 va?]ojn Frequency 406.05. Miiz
an ‘? Is being assumed, relraction not be Transmitter power (5 watts), ERP -~ 7.00 dBW
coqmde;gd fqrﬂler. Effective reoeivar noise density assumingt ~ —200,70 dBW
Lo R SR Receiver noisz. {ighe «3dB
Absorption is likewise not considered a Receiver line Toss =05 dB
serious problem at the operating frequency. Antenna noise temperature = 254°K
2-32
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Precipitation, even heavy precipitation, causes less than 0.001 dB/km at'tenuation at 400 MHz.,
Oxygen absorption accounts for only 0.002 dB/km at 400 MHz. Hence, absorption is not
considered further.

The multipath reflections are a possible source of signal attenuation. This is particularly true
for the geostationary satellite. If a reflection path length differs from the primary path length by
exactly A/2 and the reflection coefficient is unity, the received signal strength will be zero.
However, the reflection coefficient is normally less than unity and the probability of the path
length differing by precisely A/2 is small. If a reflection coefficient of 0.5 is assumed, maximum
reduction in signal strength will be 3 dB. The low-polar-orbiting satellite is constantly in motion,

“thus producing a2 pseudospace-diversity effect and, hence, reducing the effects of multipath

reflections. However, 3 dB worst case allowance will be made for both systems.

Other sources of loss variation are the transmltter antenna, the receiver antenna, and
polarization effects. However, polanzatmn losses can be minimized if circular polarization is used
for both the transmitter and receiver. Circular polarization will be assumed and no polarization
loss factors are 1n<.1uded

The transnutter zmtenna gain has been included in the specified maximum ERP However,
antenna gain variations, i.e., gain reductions, must be considered for worst case evaluation. Since
the transmitier antenna sele_cti_on is a function of other parameters, the transmitter antenna
characteristics are defined at this point and later refinements will use these definitions.
Therefore, the transmitter antenna is assumed to have the following characteristics:

®  Hemispherical coverage

®  Circular polarization

®  3-dB gain variation, maximum.

The receiver antenna is assumed to be a paraboloid having a design that produces a

maximum variation of 3 dB over the usable beam angle. The specific design is a function of the
spacecraft type. Therefore, the worst cast antenna variations are:

Transmitter antenna gain variation ~ 34dB

Receiver antenna gain -variation 3 dB

The remaining parameters to be computed. are the free space loss and receiver antenna gain.

These are both functions of the satellite system.
2.8.1 Link Analysis for Low—PoIar-_Orbiting Sateﬂit_e System.

The first paramcter to be chosen is the requlred antenna beam angle. This is determined
from the geographic coverage calculations for the low-polar-orbiting satellite (Flgure 2—2) The

horizon-to-horizon angle: is simply 2¢, which is the required beam angle, §:

g =2
= 2 (62 degrees)
= 124 degiees
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If a 10-degree minimum elevation angle is assumed, solution of the triahgle problem yields a

minimum beam angle of 120 deprees. The antenna gain (for a paraboloid) is related to the. beam _

angle by:

......

27,000 i3
G(dB) =10 log -
N E b
=274 dB (or 1.88) SR
- This is the maximum antenna gain that will permit a 120-degree beam angle. W
Antenna gain is related to antenna diameter and operating frequency by:
(D
G’ k ) " 14
LA P
o
where 1B
G = antenna gain .
k = antenna efficiency constant = 0 54 é
D = antenna diameter in meters 1
A = wavelength in meters. _.: o
The diameter of the antenna is:. v E
Gc? LRy
b= __.__._2__ G E .
= 0 44 meter, or approx1mately 18 1nches ,? ‘
where ‘ ’ ‘"" -'
' ¢ = free space propagation velocity, 3 X 108 m/s 7 E _
f = frequency, Hz. ' = |
~ Thus, the receive antenna for. the low—polar-orbltmg spacecraft should have the following - 1 i
* characteristics: il
Paraboloid diameter 0.4 meter N
-3-dB beamwidth . - 120 degrees | {
Gain f 2.75 dB
... The free space loss for the. low-polar-orbltmg system is determined from the slant range. __ I
. from an ELT/EPIRB source to the spacecraft, This is detenmned by refersing to Figure 2-2 and - J
solvmg the triangle problem. The maximum (assuming a 10-degree elevation angle)- slant range; d, - !
is 2500 km while the minimum (also to be considered the best case) dlstance is 850 km The free h p
: space loss is‘a function of distance and frequency, and is given by: - " - .
=7
Lg, = 20 log £ + 20 log d — 87.55 dB ; ; -
! | . —




where :
| " Ly, = free space loss, dB

f = frequency, Hz

d = slant-range (Ime-of—mght) distance, km.
For the Iow~polar-orbmng satelhte,

- Lgs = 152.6 dB maximum
L¢, = 143.2 dB minimum

This completes the determination of all major path ga.m (loss) elements for the low-orbltmg
system. The results are listed in Table 2-9. :

TABLE 2-9. ANALYSIS OF ELT/EPIRB-TQ-SPACECRAFT LINK
FOR 'LOW-POLAR-ORBITING SATELLITE

Worst Case Best Case

‘Frequency (MHz) - . =~ . . 40605 406.05
Elevation angle (degrees) 10 75
Range (km) 2500 850
Transmitter power o, ERP 2.5 , 5
Receiver noise figure @B =~~~ - -~ 3 - 3
Transmitter power (dBW), ERP 4.0 7.0
Free space loss (dB) —-152.6 , -143.2
Multipath loss (dB) o —3.0 0.0
Receiving antenna gain (4B 0.0 2.8
Recelved signal power (dBW) -151.6 —-133.4
Thermal noise density (dBW/Hz) -200.7 ~200.7
Signal-to-noise density (dB-Hz) 49.1 67.3

The  worst case signal-to-noise density does not allow any contingency factors such as
obscured visibility, low. battery power, damaged antenna, etc. If a 10-dB contingency factor is
allowed and the minimum required Efn, ratio for mamtammg a 10 3 BER is assumed to be
8 dB, then the maximum bandwidth is found to be: ‘

49.1dB — 10 dB — 8 dB|
B = log -

SUDRENI 1 A '
= 1288 Hz

Therefore, the maximum bandwidth is 1288 Hz, based on. sxgnai—to-nmse considerations. for the .
- low—polar-orbltmg satellite ' system. The - minimum available E/n for various bandwidths is

tabulated as follows:

128Hz  28.04dB
256 Hz - 250dB
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512 Hz 220dB
1024 Hz 190 dB

2.8.2 Link Analysis for a Geostahunary Saie]hte System "

The antenna beam angle for the geostatlonary satelhte ca.n be determined with the aid of
Flgure 2-2 by letting: .

h=3.385 X 104' km

Ro
g= 2& 2a:csm R T/

=17.4 d'egraes

This is the minimum' antenna beam angle. However, use of such a‘ minimum angle would be
overly restrictive of satellite pointing accuracy. Therefore, a beam angle of 20 degrees is assumed.

The antenna gain is: _ )
{27000\
. G(dB)- 10 log (2 % ) ,
ﬁz .
= 18.3 dB-(or G = 67.5)

and the corresponding antenna diameter is:

; . Ge?
0.54w2 {2

= 2.63 meters, or approximately 100 inches -

D=

The receiving antenna parameters are summarized as follows:

Paraboloid diameter - 2.63 meters -
3-dB beamwidth 20 degrees
Gain 183 dB

The maximum free space loss is for a path length of 42 700 km and the mmnnum loss is: for "~ -

a path length of 35,850 km. The loss factors computed for the geostatmnary case are:

Ly = 1772 dB, maximum
'Ly = 175.7 dB, minimum

Thjs comple.es the determmatmn of the path and system parametess, They are. summanzed in
“Table 2-10 -
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] TABLE 210, ANALYSIS OF ELT/EPIRB-TO-SPACECRAFT LINK '.

FOR GEOSTATIONARY SATELLITE :
Worst.Case Best Case :
| by
Frequency (MHz) 406.05 406.05 .
Receiver antenna beam angle (degrees) 20 20 vl
I Range (km) 42,700 34,850 C
Transmitter power (W), ERP 2.5 5 I
Receiver noise figure (dB) 3 3 .
l Transmitter power (dBW), ERP 4.0 1.0 o
' Free space loss (dB) -177.2 -175.7 |
Multipath loss (dB) -3.0 0.0 o
l Receiving gain {(dB) 15.3 18.3 sy 1‘
; © Received signal power (4BW) -160.9 -~150.4 S
Thermal noisc density (dBW/Hz) —200.7 ~200.7 1:
I Signal-to-noise density (dB-Hz) 39.8 50.3 |
If the previous assumptions are used for minimum Efn, and contingency factors, the i
maximum allowable bandwidth is found to be ’ 1
1t : , : g
} 398dB--10dB—8dB
i B =,log ‘ 1

i

=151 Hz

The minimum available Efn, for various bandwidths is as follows:

128Hz 187 dB
256 He: 15.7 dB
512 Hz . 12.7dB

10

29 DETERMINATION OF CHANNEL BANDWIDTH

The search spectrum, f, has previously been determined to be 86 kHz (Subsection 2.7). The
ultimate minimum value of Afisset by the maximum rate of change in doppler shift. This s

‘calculated from the rate of change in velocity along the slant-range path (refer to Figure 2-2):

‘/R2 +(R +h)=—2R (R +h) cos 6

- R(R +h) w, sin 6
Dt jR2+(R +h)* — 2 Ry(R, +1) cos 6

R, (R, +h)m cos 0 R? (R, +h)? w?sin® 6
T JRZF (R, +h)? 2R, (R, +h) cos6 [R2 ¥ (R, +hY? — 2 Ry (R, +1) cos 9] "




Since
3.7142
W = eon rad/s
then
= 5,84 X 107 km)s?
8.= 0 5.84> km/s

Therefore, the maximum rage of change in doppler frequency is:

A(Af) — ¢ Ay
TAt  C Atc
a
= f‘; _c.:.
= 79 Hz/s

This is the minimum channel bandwidth. Figure 2-9 is a plot of doppler shift as a function
of the satellite’s latitude relatlve to an ELT. Figure 2-10 is a plot of the corresponding rate of

- change.

The portion of the total allocated spectrum occupied by a single ELT or EPIRP
transmission at any given time is related to data rate, carrier-to-noise ratio, bit error rate (BER),
modulation technique, and data encoding method. The optimization of these various paraimeters
is predicated on system hardware limitations as well as system performance requirements. The

following paragraphs are concemmed with tradeoffs that are made to achieve the desired system
performance.

To maximize the number of ELTs and EPIRBs that can be accommodated within the
allocated spectrum, the amount of spectrum occupied by a single ELT/EPIRB transmission

. should be minimized. Because busst emission will be employed, the duty cycle of the trans-

mission should also be minimized to accommodate the maximum number of ELTs and EPIRBs.
The oprincipal equation that states the probability of mutual interference between two

_ transmissions is: .

- where

P; = probability of mutual interference
‘N = humber of ELTs and EPIRBs in the FOV'
T = duration of a burst transmission
- T= penod between burst transm1551ons
Af = total channel bandwidth

F = total search spcctrum in which signals may exist.
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) | b ? k |
.,r'i1
] .
6 o . . SO
] . It is obvious from this equation that for K :
' fixed N the probability of mutual inter-
ference is minimized by minimizing 7 and Af
] while maximizing T and F. This assumes 1
that the transmissions are completely !
random- and the frequency distribution is i
] uniform. l
_ .
Note that Af is related to 7 since 7 is
] simply: i
; mA - - J
. {3 g H n ]
i PR N A R T=— -
it N t . o
' e R and
it § ik . .
] ‘ i i Af = kr
i Lt ) P Tt o i
; £ R it where
§] i *it_; igein | [ganE i n = total number of bits to be
B bl 55l transmitted
%] E SRS t ; r = bit rate, BPS
3 ] LY
: dastin it k = channel use constant, Hz/BPS.
' i caii ;13 ! r'- This implies that the product 7Af is a
i pa R L constant set by the form of modulation and
| i ; i Hiit |f .r'i encoding (k) and the message length (n).
. pyEEsl A i a .
H , .sf it fiii 3] This leaves only the selection of the
gy i message repetition rate, T. Selection of this
C g sz i g Hial parameter is also influenced by the satellite
o e e’ ~ visibility time. This is determined from the
, . , orbital parameters of the satellite, the
Figure 2-9. Plot of Doppler Shift Versus Relative minimum number of messages required to
: Latitide With ELT on Satcllite Subtrack provide position location, and the minimum

relative satellite displacement allowed

between doppler measurements to ensure the
desired positioning accuracy. For differential doppler positioning in two dipensions, a minimum
of -three. messages must be réceived, which implies that the satellife must be visible for
approximately three transmission periods, or 3T.

- Previous considerations of geographic coverage have assumed a minimum visibility time of
4 minutes. Thus, the maximum value of T is 1.33 minutes. Conversely, the minimum time
separation between doppler measurements is 40 seconds (discussed in Subsection 2.11) and the
minimum value of T is 40 seconds.

g

1
w
BEYs)




S
i

i
Sy
vl
Y
i

N
80 o) -
o .
T PN
]
ALY
I 1
, / 1
0 60 il
m ¥ '] \
Q \
N .
I - 13
. ] \
] \
E b , ;
[ \
b 7
| ! 1
&
i \
o
o 20 [t 7
M
y )
™
b N
0 5 e K ~ =
—30° —20° -10° o 10° 20° 30°
200138 LATITUDE OF SATELLITE :

RELATIVE TO EL.T

Figure 2-10. Rate of Change in Doppler Shift With ELT on Satellite Subtrack

3
The final consideration is .the choice of making T as Jarge as possible and requiring
reception of three consecutive messages or making T smaller and only requiring reception of at
least three messages in 4 minutes, This will be made by fixing the following parameters:

F = 86,000 Hz
k =1 Hz/BPS
n = 115 bits
N = 201 ELTs and/or EPIRBs in the FOV,
For T = 1.33 seconds then, three out of three messages must be received. The probability of
interference is: . _
T @ais) [
Pi=1—-1—-
(80)(86,000) j
=0,0132835 o

The pfobability of receiving three out of three 'trans'm'issioné is:

P, = (1-0.0132835)
= 0.96068

¥ S o0
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Now consider the probablhty of success for rece:vmg three out of four transmlssv a5 with

- T=60 seconds: .

_ (A)(1)(115) | 200
Fr=l- [l B (60)(86,(_)00)]

= 0.0176722.

The probability of receiving three out of four messages is:

4
4
B=y s (o) - mreme
m=3

= 0.99817

It is obviously hettef “to reduce T and increase the number of messages transmitted but to
require the reception of only three.

Next, consider the case of transmitting five 48-second messages in 4 minutes.

po=q | AMALs 1%
L (48)(86,000)

= 0.02204152

The probability of receiving three out of five messages is:

P = 2( ) (I—PI)"-PS"

= 0.9998964

These results are summarized in Table 2-11. The technique could be extended to other values of
T, but this is not practical for periods less than 40 seconds since the period between doppler
measurements becomes too small for adequate position accuracy.

The préceding calculations have established the minimum channel bandwidﬂ1 for the system
as 79 Hz. They also indicate that the data rate does not influence the mutual interference

probability for a fixed message length. Only the type of message encoding, the modulation

teclinique, the repetition rate, and the available spectrum influence the mutual interference
characteristics. Therefore, the channel bandwidth should be minimized to maximize the noise
immunity (best BER) and the channel use constant should also be minimized to minimize both

. the  channel bandwidth and -the probability of interference. However,. since the: rmrumurn: L

'resolvable channel assxgnment frequency may hnut the useful channel bandwidth, the analyzmg

241

T T A e IR




1
H
!
i
_*.
]
!
i
;

bzindwi’dth is cohsidetéd next, This is fdlloWe;d' by a study of" m_oduiafion effects, baseband
clock/data encoding techniques, and finally an optimum data rate. The problem of multiple

access and probability of success are reviewed in Subsection 2.12 after considering other BER
factors and system erross.

TABLE.2-11. DETERMINATION OF REPETITION RATE, T

_ Probability Probability of Probability of
T Nitmber of Messages of Inteeference Sucecessfully Receiving Successfully Receiving
{seconds) Transmitted in 4 Minutes in o Given Message *  ‘Three Messages in 4 Minutes ®  Five Messages in 4-Minutes *
80 3 0.0132835 0.960580 NA
60 4 0.0176722 0.9938170 NA
48 5 0,0220415 0.999896 0.894545
40 6 .- 0:0263915 . ~ 0.999993 0.990266

*Yalues calculated for F = 86 kHz, k = 1 Hz/BPS, n = 115 bits, and N = 201 messages/pesiod, T.

2.9.1 Analyzing Bandwidth

The analyzing bandwidth is the minimum frequency resolution to which the received signal
frequency can be determined. This frequency is determined by the characteristics of the
spectrum search circuitry and is related to channel bandwidth simply because the double-sided
channel bandwidth cannot be less than the analyzing bandwidth. Thus, the analyzing bandwidth

" should be made as small as practical for noise and mutual interference considerations. : %

The two practical techniques for performing the search routine are discussed in Section 4. .

One proven technique is the time-compression spectrum analyzer approach as used in the : }!

Random Access Measurenient System (RAMS). The second technique, using a chirp-Z transform i

(CZT) approach, is possible through recent technology. Some of the information relatmg to the -

practical limitationis for these methads is used in this subsection. it
The state of development for the CZT permits the resolution of a 100-kHz spectrum into

250 400-Hz lines. This is via the use of a 500-point CZT chip. The 500-point unit can resolve "?

250 real spectral Knes. For a 100-kHz spectrum, the spectral resolution is: ik

100 kHz -

Af=— " = ;

f=- 250 400 Hz g

The length of time required to perform the analysis is: "‘[‘

't”— ..1. “IZSms -

400 Hz "F

'Therefore the minimum. period of unmodulated camer transnussmn is twice this or 5 ms.. =

(S:bsection 4.1 shows that the unmodulated carrier should exit for 100ms.) The clock -1

frequency for the CZT is determined from the fact that 500 coefficients (500 points) must be &

determined in 2.5 ms, or: =
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The clock frequency for a practical CZT unit being considered is:

1
fo = = 200 Kz

Thus, the resolution of the 100-kHz band into 250 spectral lines of 400-Hz bandwidth
requires a 500-point CZT with a clock rate of 200 kHz, This is near the practical limit of current
technology. The ‘resolution frequency should be 400 Hz and the a.nalyzmg bandw:dth and
channel bandwidth should correspond. :

Having selected the minimum practical analyzing bandwidth, the determination of the best
modulation technique, encoding scheme, and data rate can proceed.

2.9.2 Modulation Effects

The choice of modulation is a key factor in determining the channel bandwidth use
constant, k. (This factor is discussed in Subsection 2.9.) The modulation methods considered are
FSK, PSK, and MSK,

The relative speciral dispersion characteristics of these types of modulation are shown in
Figure 2-11. Note that the absolute value of k in this figure is valid only for NRZ data; however,
the relative characteristics are valid for any type of data (NRZ, Manchester, Miller, etc.). The
amount of power outside the allocated channel determines the amount of adjacent channel
interferences and the minimum received signal level that can be detected in an adjacent channel.

~ From Figure 2-11, it is apparent that the worst adjacent channel interferences will occur with

PSK modulation and the least will occur with MSK modulation. Continuous phase FSK is a close
second best.

- The effects of modulation sidebands on system dynamic range/mutual interference is further

" demonstrated by Figure 2-12. The spectral characteristics of MSK and continuous phase FSK are

shown to be almost identical, It is clear that MSK or continuous phase FSK can provide a

‘dynamic range of at least 20 dB for a channel use factor (k = bandwidth occupied/data rate) of

k=6 and can prov1de a dynamic range of 30 dB for k=10, PSK requires a value of k=12 to
achieve a dynamic range of 20 dB and a value of k=32 to achieve a 30-dB dynamic range. This
implies that MSK can accommodate over three times the number of transmltters that PSK would

perrfut

A second consideration in the choice of modulation is the susceptibility of the system to
noise, i.e., the BER performance characteristics. Figure 2-13 shows the relative performance

characteristics for various modulation and detection methods. The characteristics. of MSK are not
- shown, but are known to be only slightly worse (0.5 dB) than coherent PSK, provlded coherent
 MSK detection is employed. From a noise performance standpoint, it is obvious that coherent -

- PSKis superior, MSK is a close second, and FSK is inferior to PSK by. 3 dB. A compromise must -
be ‘made between best noise perforrnance and mmlmum adjacent channel interference. PSK
: prov1des the. best noise performance but the worst adjacent channel interference. MSK is slightly -

worse than PSK for noise performance but supenor for muumum mterference FSK is lnfenor in
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-noise performance, but -similar to-MSK for ‘adjacent ‘channel ‘inferference: Therefore, it appears

that MSK is the be_s_t compromise between the t'wor performance criteria.

2 9 3 Baseband Data Encodmg Teclnnques

The chmce of ‘baseband data code is an Important factor in determmmg channel bandmdth :

use. Figure 2-14 depicts the power spectral density of various codes. It is obvious that NRZ data

.- requires the minimum channel- bandwidth. However, it has a very high de component for random
~ data and can have infrequent transitions for some data paierns. The high dc content means that
the phass displacement in MSK can be substantial, resulting in potentially low carrier content.

The major problem in using NRZ data is the potential for long periods of time without a-data
trans1t10n. This lack of data ‘transitions makes the problem of holding bit sync lock a major
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(AT 20 KHz-
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Figure 2-12. Comparison of Spectral Characteristics of MSK, Continuous Phase FSK, and PSK

2-45




S

1.0
2
-
10~1
1072
PSK—COHERENT
B PSK—DIFFERENTIAL, COHERENT
c PCM=-FM MATCHED FILTER COHERENT A
~
o PSK SYNCHRONOUS - _
& o FSK MATCHED FILTER COHERENT
o ASK MATCHED FILTER COHERENT
2 03 |- E PCM=~FM DISCRIMINATOR DETECTION
3
o F FSK MATCHED FILTER NONCOHERENT
- FSK PHASE COMPARISON
0 G ASK SYNCHRONOUS DETECTION
I H < ASK LINEAR ENVELOFE DETECTION
0 FSK MATCHED FILTER (MARK) NONCOHERENT
> y
E
g
et -4 i
B 10 3
m
3]
&
o
10™5 |-
107 -
to~7 L - 1 . | S ! | RSN § R RTINS 15
—-10 - -5 - =2 o 2 4 6 8 10 12 14
{AVERAGE SIGNAL. ENERGY PER BIT) E. _pg
209t4z (NOISE POWER DENSITY PER HZ OF BANDWIDTH, ONE SIDED SPECTRUM) Ng .

Figure 2<13. Performance Comparison of Various Modulntiqn/Detect:lqn Techniques

246

L4




R FN P NETIS S

- b s T A S SR T P A S L. - S I TR LA RV i . :

RELATIVE POWER (LINEAR SCALE)

SPECTRUM

NRZ

MANCHESTER

- py- e : RO T

209143 FREQUENCY
' - Figure 214. Comparison of Power Spectral Density. of Various Codes.

concern. -In addition, if the hyperoohc ranging method is to ‘be employed in a geostatlonary
satelhte a continuous clock is desirable and basic NRZ data is not suitable. '

A second popular encoding scheme is Manchester or blphase data' ThlS data/clock code has
" no dc component and contains at least one . transmon in each bit time.. However, the data

bandwidth is about twice that of NRZ. This has the effect of mcreasmg “the amount of

bandwidth required for a given data rate, i.e., it increases the value of k.

o A'third"'ﬁs'éfu'lz data code, even "tho'ug'h" riot as popular as NRZ or ‘Marichester, is the Miller or
delay code. This code has a small de component for random data, but not nearly as large as that
for NRZ. It has a very depnse power spectrum as shown in Figure 2-14. The bandwidth

- requirements are comparable to NRZ data, yet this code guarantees at least one transition every
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other bit time. Although the optimum data code appears to be Miller code, the recovery of bit
sync clock from Miller encoded data is a more difficult fask than recovering a clock from
Manchester data. The generation of the Miller data is not a problem; Manchester data is
generated and used as a clock input to a flip-flop, the output of which is Miller data. The use of
the Miller code requires the reception of a unique 101 pattern before the proper clock phase can
be established, and the bit sync code must include a 101 sequence before the frame sync code.
Sinee 15 bit-times have been allocated to the bit sync code, the bit sync code pattern should
become: 111111111010101, - This does not end in 2 111 ... pattern for which the “optimum”
frame sync ccsie is optimized. However, since bit sync must be established before an attempt is
made to decode frame sync, the requirement for the reception of two consecutive 101 patterns
before bit sync lock is recognized will negate the bad effects of this code.

_The major advantages of Manchester data are the relative simplicity with which the bit sync
clock can be recovered and the fact that no special data pattern is required to establish clock
phase. A minor advantage for the hyperbolic ranging system is the more numerous time marks
guaranteed by Manchester data, However, because the use of Manchester data requires twice the
bandwidth compared to Miller or NRZ data, the bandwidth use constant is doubled and the
number of ELTs and EPIRBs serviced is halved.

Orie final corﬁpan‘sori ‘between NRZ, Miller, and Manchester data should be made. The

major information-containing portion of NRZ data is concentrated near dc. When modulated '

with a carrier, the data sidebands will be located ver.’ close to the carrier, and the spectral purity
of the generated carrier must be almost perfect. This can create a definite problem in designing a
low-cost ELT or EPIRB transmitter. Both Miller and Manchester codes transiate the major energy
content of the information sidebands to a band away from the carrier. Manchester data has a
rather broad spectrum centered at 3/4 of the clock frequency; Miller data has a narrow,
high-density spectrum cenfered at 3/8 of the clock frequency. Therefore, the Manchester data
sidebands and the Miller data sidebands will be located away from any carrier noise.

The final selection of data encoding method is deferred until some breadboard test data can
be accumulated. At this point, Miller encoded data is preferable. However, the system impact of
using Manchester data will be considered. The value of k for Manchester data will be assumed to
be twice the value of k for Miller data.

By refeiring to F.igure'z-l.l, it will be observed that for MSK, a value of k=1 (for either
NRZ or Miller data) ensures that out-of-band power will be at least 15 dB down with respect to

_the in-band power. This limits the dynamic range of the system to 15 dB. Since previous link

analyses have shown an 18-dB variafion in received signal strength, a 15-dB dynamic range is
inadequate. Additionally, if a 10-dB loss contingency is to be considered, the required dynamic
range is 28 dB. Therefore, the minimum value of k is 2.5 for either NRZ or Miller data; the

- minimum value.of k is 5 for Manchester data. If only a 5-dB contingency facior is allowed

(instead of 10 dB), the value required for k is only 1.5 for NRZ or Miller data and only 3 for
Manchester data. Therefore, such a value of k will provide adequate dynamic range under normal
conditions of signal strength for adjacent channel usage and will provide dynamic range equal to

‘the limit of receiver noise only one channel removed. These values of k for the two. data codes

seem reasonable and the data rate can now be determined.
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294 Data Rate Determinations Based on Channel Bandwidth
Both the receiver analyzing bandwidth and the channel bandwidth (doublesided) were
previously determined to be 400 Hz. The value of k was determined to be 1.5 for Miller encoded

data and MSK modulation and 3.0 for Manchester encoded data and MSK meodulation. Since k is
related to channel bandwidth, B, and data rate, r, by

B=kr

the maximum data rate is:

_B_ 400 Hz
"k 1.5 0z/BPS
= 266 BPS for Miller data
and '
400
SN

= 133 BPS for Manchester data
By anticipating the desirability of using a binary data clock frequency, the two selected data

. rates are:.

256 BPS for Miller data and MSK modulation
128 BPS for Manchester data and MSK modulation.

"This concludes the determination of the channel bandmdth modulation method, data
encoding method, channel use constant, and data rate. The results are summarized in Table 2-12.

TABLE 2-12, COMPARISON OF MANCHESTER AND MILLER ENCODED DATA

Chanﬁel Channel Use . Relative Power Effective Noise
Data Encoding Method  Bandwidth (B) Constant (k) Data Rate {r)  OQuiside Channel (maximum)  Bandwidth
Miller data _ _490 H: 1.5 . 256BPS - —23dB = 200 Hz
© *Mancliester dats 400 Hz 30 128 BES -23dB 128 Hz

2.10° SYSTEM NOISE MARGINS BASED ON DATA RATE, EFFECTIVE NOISE’,'
BANDWIDTH, AND A SPECIFIED BER

It is now possible to evaluate the system noise margins related to a fixed BER for both the

'geostatlonary satellite system and the low-orbiting system. For these analyses, the following

parameters are deﬁned
- Minimum acceptable. BER is 1073 _ : . o
MSK modulation is to be used and a coherent MSK demodulator wﬂl be employed
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The data rate wﬂI be 128 BPS for Manchester data and 256 BPS for Miller data

Minimum mgnal-to-no:se densﬂ:y is -49 dB-Hz for the low-polar-orbiting satellite and
40 dB-Hz for the geostationary satellite.

Since the performance o’f ¢oherent -MSK is similar to cohererit PSK, curv_e'A of Figure 2-13 '

indicates the minimum E/n, required to ensure a BER of 1072 is 7 dB. These data will be used
to evaluate both satellite systemis.

2.10.1 Geosf:iﬁenary Satellite System

The aforementioned minimum signal-to-noise density for this system is 40 dB-Hz. If

optimum data detection is employed, Manchester data can be integrated for one bit time, 7. The

minimum available energy-to-noise density ratio is:
L _ 1.
Efn, = 40 dB-Hz — 10 log —
: T

= 40 dB-Hz — 10 log 1
=1893dB

Since the minimum E/n, required to maintain 2 BER at least as good as 107 3 is 7.dB, the:
margin is 11.9 dB. Some of this margin will be lost by suboptimum data detection. Part of the
margin, however, will be available as a contingency factor for reduced ELT or EPIRB radiated

power. Therefore, Manchester data transmitted at 128 BPS wﬂl provide adequate E/n margm for
a geostationary satellite systemi.

As previously discussed, the use of Miller data can double the data rate and halve the
channel use factor. This is important for increasing the number of ELTs and EPIRBs that can be
serviced. It does decrease the E/n, margin by 3 dB, however. It is aiso difficult to implement a
near-ideal -detector for Miller data. The maximum integration time (for a simple detector) is half
a bit period. This further degrades the E/n, margin by 3 dB [r = (1/2 - (1/256}]. The minimum
available E/n, for Miller data is, therefore:

} 1
E/n, = 40 dB-Hz ~ 10 log

= 1293 dB

* The maximum thargin for Mﬂler data is:

12.93 dB — 7 dB = 5.93 dB

Part of this margin will be lost in the suboptimal detecting process. The actual final margin for
contingencies will be less, and every effort should be made to improve the signal defection

process for the goestationary satellite if Miller data is used. Comparison of E/n margins

(maximum) for Manchester and Mllier data in a geostauonary satelhte system is summanzed as .

follows.
Manchester 11.9 aB E/n, margin, maximum
 Miller. . . 5.9 dB E/n, margin, maximum
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2.10.2 Low~Pohr-0rhiting System

The worst case signal-to-noise density for this system was found to be 49 dB (Table 2-9).
Since this is 9 dB better than the geostationary case, the margin is correspondingly increased for
both Miller and Manchester data. It can be safely stated that an adequate noise margin exists for
the low-polar-orbiting satellite system. The margins are:

Manchester 20.9.dB Efn, margin, maximum
Miller 14.9 dB E/n, margin, maximum

With such large margins, the ELT and EPIRB power requirements can be reduced, provided the
units do not have to operate with a geostationary satellite. If the power output is maintained, a
large margin is available to allow for any contingencies such as low power, broken antenna, poor
satellite visibility, etc. The low-polar-orbiting satellite’ system should not have a noise problem,
but caufion must be exercised in the geostationary satellite system design.

2.11 POSITION ERROR ANALYSES

Major sources contributing to positioning inaccuracies include ELT/EPIRB oscillator
instabilities, system noise, spacecraft oscillator instabilities, spacecraft hardware/measurement
limitations, and spacecrait ephemeris inaccuracies. Because system measurement errors tend to be
constant while the measured position resolution varies with respect to satellite-ELT relative
longitude, the magnitude of the error is also a function of satellite position. Hence, system
measurement errors tend to produce worse position errors as the doppler lines of position for a
given set of measurements tend toward being parallel. The extreme case occurs when the ELT is
located on the satellite subtrack from where the position error increases without bound for even
a minute measurement error. Therefore, when specifying allowable error, the minimum off-track
ELT displacement must also be specified.

Other error sources include transmission path induced errors, interference, and upper
atmosphere anomalies. These errors can be minimized by making more than the minimum three

doppler measurements. In addition, these errors tend to be injected fortunitously and should be
accounted for statistically.

2.11.1 System Errors

System errors are defined as those arising from sources of measurement eiror, i.e., those
errors induced by imperfections in the ELT/EPIRB frequency and/or the satellite frequency
measurement technique. The magnitude of the instantaneous position error is a function of the
satellite-ELT/EPIRB geometry at the time of the measurements as well as the magnitude of the
measurement error. This definition is valid only for a system defined as an ELT/EPIRB and the
satellite receiver-processor. It excludes errors induced by imperfect determination of satellite

position and time with respect to earth-referenced coordinates. In addition, the errors caused by

variation of transmission path are considered separately in Subsection 2.11.3.

The paraméters that affect . system -error can only be identified’ by considering the
methodology of determining position. For the differential doppler technique, the key measure-
ment parameter is the rate of change in the doppler shift of the received signal. The advantage of
this technique-is that the exact frequency of the ELT carrier does not need to be known This is
111ustrated by the following equations:
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£ = (£, + AN (1 +v/0)
=1f, + Af + f, (v/c) + Af(v/c)

where
= the received frequency
f = the nominal transmitter frequency
Af = the unknown frequency offset of the transnntter
v = the relative velocity component along the transmission path
= gpeed of light.
The true doppler shift is given by:

fg =1, (v/c)+ Af (vfc)

However, since Af <€ f, (Afff, = 107%), the product Af(v/c) can be assumed to be zero with
negligible error in fy. The measured doppler shift, however, is

fi = (f, — £)) = f,(v/c) + Af

and the true doppler shift differs from the measured shift by Af. The magnitude of Af is

approximately the same as the magnitude of the actual doppler shift and, hence, is intolerable.

If Af is assumed fo be constant, this source of error can be ehmlnated by taking the
derivative (thus the term “differential doppler”) of the shift:

dif; — £f,) . g [fov d
—e = — | —} + — (Af)
dt dt \ ¢ dt
'_'_ fo) dv'
dt
S _f0 -
=l —]a
- C
A plot of the rate of change in doppler shift as a function of ELT position relative to satellite
position for the one-dimensional case where the ELT is on the satellite subtrack is shown in

Figure 2-10. It is obvious that a measurement of doppler acceleration. can be used to determine

position regardless o,"‘ any steady-state frequency erTor exnstlr-s Use of tlus dlrect method causes
prablems. S .

The first problenﬁ is one of hardware lmplementaﬁon One approzach (Flgure 2-15) is the use

.+ of a phase-lock loop. The doppler rate (8) output is direcred to an A/D.converter. The dynamm- '
" tange of this converter miust yield dccuracy comparable to the +1 Hz/40's = £0.025 Hz/s accuracy

of the integral-hertz measurement system as ugsed on RAMS. The fullscale range must be
approximately 100 Hzfs. Therefore, the dynarmc range is 100/0.025=4,000, or 12 bits.

" . ‘Monolithic. lfl«blt A/D - converters: capable of - 25-us conversion times exist; and are not ' a
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I Figure 2-15. Phase-Lock Loop Approach to Measuring Doppler Rate
" l limitation. However, there are inherent noise problems with systems designed for such accuracies.
For example, if 100 Hz/s corresponds to a 10-volt input to the A/D, the maximum noise level
canmot exceed 1 mV to preserve the resolution. In addition, the absolute error in the phase-lock
i loop design must not produce an error exceeding 1 mV at this point. Finally, the overall loop
design must provide rapid acquisition and fast settling. These are difficult requirements. An
abbreviated analysis is appropriate. S
g The phasedock loop shown in Figure 2-15 is essentially a third-order loop whose block |
fransfer functions are: o
; k4 = phase detector gain constant, voltsfradian
(575 +1)? -
i F(s) = P = loop filter transfer function s
. _ 1 i
1. _ . .
e = intergrator transfer function - j
' Ty o
! k, = VCO gain constant, radians/sec/volt }
{[ . For overall ioop- performance, the integrator is assumed to be part of the loop filter such that: i
(st2 + 102 : i
F(s) = —
' Gr )

The closed-loop transfer function is:

I e B | .
H(S) = .+ kokd F(s) 4

_ Kokg (sm2 + 1?7}

53 + 52 kokd (72/1'1)2 +8 Zkokd'rz/f% + kokdlf%
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Typical values for k, and kq are:
| kg = 1 volt/rad
ko =1007 rad/s/volf (assuming a VCXO)

It is desired to make the maximum value of ] (100 Hz/s or 200 'ﬂ'I‘ﬂd/Sz) correspond to a voltage
of 1 volt at the § output. Hence, :

k, V(6)
-
k, V(8)
6 |
_ (100 m(1)
200 «
=05

Ty =

The value of 7, is the only undefined parameter. Its value is determined from loop stability and
damping considerations, i.e.,

: 2 ' 3
: T T
. 5] T1 s 1

3 = =
ik, ~ 7 7 N 2k
0.175 > 7, >0. 0736

For this analysis, 7, = 0.1 is assumed. The loop bandwidth is

koky

7

3

Wy =

=108 radfsor~2Hz -

This is a narrow bandwidth and may not provide adequate settling time.

el To summatize, the third-order loop shown in’ Figure 2-14 has the following characteristics:

ky = 1 volt/rad
: _ _ . kg- = 100  rad/sfvolt (50 Hz/volt)
2 I s
=01
s | w3'= 108 rad/s 2 Hz)
. v(8) = 10 mV/Hz/s
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To determine the amount of noise present at the § 'outpuf with the ‘minimum . expected
noise/power density ratio of —50 dB/Hz, it is assumed that a two-pole filter which cancels the
two zeros of F'(s) is inserted in series with 8 output. This transfer function is:

H(S) - s . F ()
= = X -

G(s) Gi( s) §+ kokd F(s) (S‘]’ﬂ + 1)2
Ay

s T+ ko kg F(s)

The, e@ui\fale_nt noise bandwidth is:

B = |G (jeo)I* df (Hz)
S o
=0.5 Hz
The phase spectral density for the low orbiter is:

s _ ,
® = -P—l* = 107 rad? /Hz (worst case)

_5 .

The rms noise voltage at the. output g is:

i =k v/ By

= 2.3 mV ms

When compared with the minimum desired measurement voltage of 10 mV corresponding to
1 Hz/s, this induces a large measurement error. The only way to reduce this error is to reduce

~ the noise bandwidth. The nojse bandwidth for this circuit is given-by:

Ty
BL = — )
27%(4 K, kq 73 _—.‘i"‘; ) '

The bandwidth can be reduced by increasing 7,. For 7, =0.15 instead of 0.1, the noise
bandwidth becomes By =0.16 Hz instead of 0.5 Hz and the rms noise can be reduced to
approx1mate1y 1:mV. This corresponds to an rms error of 0.1 Hz[s oré6 Hz/min, which is greater
than the expected drift raw of the ELT oscillator and may not be tolerable. In addition, this
error level does not consider any contingency factor that might reduce the signal-to-noise density

by 10.dB. Such a degradation would increase the error to approximately 20 Hz/min or.0.3 Hz/s. .
Hence, the inditect method of” obtaining doppler rate remains preferable. The indirect” method

measures the received frequency at two pomts in time and estimates the rate of change over the
penod between measurements

'I‘he second problem is the amblgmty assoc1ated wzth the use of dxfferent}al doppler Th1s

problem is inherent in differential doppler since there are two values of the independent variable

(position) that produce the same rate of change in doppler frequency (Figure 2-10). This
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ambiguity can be resolved by making two such measurements on the same side of the curve.
(Three measurements may be required.) The side of the curve is determined from whether the
magnitude increased or decreased.

The next step in the error analysis is to evaluate the geographic emror as a function of
measurement error. Once again, only the one-dimensional case will be considered. (The
two-dimensional error includes not only measurement error but the effects of the nonorthogonal
intersection of the lines of position.)

The one-dimensional error analysis used a computer program to calculate the doppler shift
as a function of geographic angle (relative latitude) between the satellite and an ELT located on
the subtrack. The frequency difference for two measurements determined the true doppler shift.
A known doppler rate error was introduced and the “measured” geographic angle was computed
using an iterative technique. The absolute value of the difference between the actual angle and
the measured angle was used to compute surface error in Kilometers. This surface error was
plotted as a function of the relative latitude of the satellite and ELT.

The program was used to compute and plot position error as a function of relative latitude
for an error rate of 5 Hz/min and 1 Hz/min, assuming that two consecutive transmissions would
be used. The results are shown in Figure 2-16. A similar plot was made for an error rate of
5 Hzfmin and for N=1 and N=35, (N=1 is for using the first transmission following the initial

_transmission; N =5 is for the fifth transmission foliowing the initial fransmission.) These results

are shown. in Figure 2-17. This figure indicates that the mean measurement error is not greatly
dependent on the fime between frequency measurements aithough there is some skew in the
error. Figure 2-16 indicates that the doppler rate error cannot exceed 1 Hz/min if the position
ertor is to be maintained within 5 km over the full field of view of the satellite. With a total
error rate of 5 Hz/min, the expected position error can be as great as *25km, These errors will

be increased somewhat for the two-dimensional case; in particular, the error becomes infinite

when the ELT is on the subtrack because of the distortion caused by the nonorthogonal
intersection of the lines of position.

There are two primary sources of doppler rate error. The first is the drift rate of the ELT

oscillator. The second major source of ervor is in the measurement of doppler rate. The first
source is discussed in Subsection 2.11.2, and is expected to be on the order of 1 Hz/min. The
second source depends on the measurement technique. If the integral-hertz method of frequency

measurement is used, then the frequency error between measurements can be expected to be

*1 Hz, which corresponds to a rate error of *1.5 Hz/min. If the direct method of doppler rate
measurement is vsed, the expected error can be as high as 6 Hz/min. Hence, if the integral-hertz
frequency: measuremerit approach is used, the total rate' error may be 2.6 Hz/mm which
corresponds to a maximum position error of approximately *#10 km. If the direct measurement
of doppler rate is used, the error can be expected to be as much as +30 km under nominal worst
case signal-to-noise conditions. :

The estimated error range and error budget can be summarized as follows:
Integralt-hertz measurement

ELT oscillator stability 1 Hz/min
Measurement accuracy 1.5 Hz/min
Location accuracy =~ . ~1to 10 km
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Figure 2-17. Position Error as a Function of Satellite Position Relative
to ELT for 2 Constint Emor Rate of §- ‘Hz{Min .
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Direct doppler-rate measurement

ELT oscillator stability -~ - 1 Hz/min
Measurement accuracy _ 6 Hz/min
Location accuracy | 1 to 30 km

Therefore it seems the correct primary measurement choice would be the indirect method. The
ELT oscillator stability will then be the primary accuracy limitation. The design goal for
oscillator stability should be 1 Hz/min or less if £5-km accuracy is desired.

2.11.2 ELT/EPIRB Errors

The effects of the ELT/EPIRB oscillator drift on system error have already been discussed,

and details of the oscillator are discussed in Section 3."At this point, it is appropriate to consider
some of the oscillator error sources.

The oscillator frequency error can be broken into three categories:
Loﬁg-term drift '(i0.003' percent of f, over days)
Medivm-term drift (1 Hz/minute over minutes)

‘Short-term (primarily oscillator phase noise).

The use of differential doppler essentially eliminates concermn for the long-term drift.

Medium-term drift and its effects on posxtlon accuracy have been dxscussed previously. The.
short-term stability is now considered:

Previous analyses have shown that the indirect method of differential doppler measurement
requires that that frequency error rate should not exceed 1 Hz/min. This implies that the
frequency measurement accuracy should be on the order of 1 Hz, since the frequency measure-
ments are made at approximately I-minute intervals. Because the carrier frequency is
406.05 MHz, the fractional frequency deviation must be on the order of 1 Hz/4.06 X 10® or
approximately 107 over the measurement interval. The measurement interval will be between

100 ms and 1 second. Therefore, the short-term stability of the ELT oscillator should be
specified as follows:

(aAf/f(l‘ T, 7 <2 X107, T~ 1 s,r-— 100 ms
where

g Af/f the fractxonal frequency devxatlon
T= mterval between measurements

T = measurement mterval

Tins noise level, althiough not easﬂy obtamable, can be reahzed Wlth a well-desxgned low~noise,

“high-leve!l crystal oscillator. The nmse level is intrinsically dependent on the circuit design as well _
as the crystal. ‘

* . If the direct approach of doppler rate measurement is to be implemented, then a more
meaningful short-term frequency stability specification would be in terms of single-sideband-to-
carrier (SSB/C) phase noise power ratio. Previous calculations have shown -that the effective

phase spectral denmty is 1078 ran:l2 /Hz. The total phase nmse—t0~carner dens1ty should be less
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than —50dB over the expected bandwidth of the phase-lock loop. The previously discussed
‘third-order loop bandwidth was found to be approximately 2.Hz. The phase noise will be
attenuated 60 dB below 0.2 Hz. (This implies that the phasedock loop VCXO must also have
good noise characteristics above 0.2 Hz.) Therefore, the SSB/C phase noise density should be
<--60dB for 0.2 < f,, <10Hz where f; is the frequency offset from the carrier.

The ELT/EPIRB oscillator characteristics are summarized as follows:
Accuracy f, +0.003 percent
Drift <1 Hz/min
Fractional frequency deviation <2 X 107°, 7 = 100 ms
SSB/C phase noise <60 dB, 0.2 Hz < f, <10 Hz.

2.11.3 Transmissica Path Errors

The errors considered here may be produced in the system independent of the e'quipment'.
They are important in determining system designs that reduce any adverse effects they might
cause. The two primary error sources are reflection and refraction.

The reflection of ELT/EPIRB signals can be caused by numerous terrain features, in
particular, water or metalic objects. The magnitude of these reflected signals varies considerably
with -respect to location of an ELT/EPIRB. The location of the peak magnitude varies
considerably along the satellite’s path, and the reflected signal will also undergo a differenmt
doppler shift that will normally move it ouiside the bandwidth of the frequency measurement
loop. Erroneous measurements would be made only in the improbable event that both the
amplitude and the frequency of the reflected signal equaled those of the primary signal. Even in
this case, the error would only be on the order of the loop bandwidth or 2 Hz. Therefore,
mu1t1path reflections are not considered 2 problem; however, multipath -can possibly result in
two simulianeous position measurements.

o Refractions are caused by the variation in the speed of light in the atmosphere. These
refractions essentially alter the apparent arrival angle of the received signal, resulting in an
alteration in the perceived doppler shift, hence introducing some location error. The effect is

analogous to the position distortion of objects viewed below water. However, because the angle
" of refraction at this frequency is small, the amount of position error created. is also small; thus
refraction is not considered a problem for position location in this system.

- 2,12 MULTIPLE ACCESS/PROBABILITY OF SUCCESS

This subsection: brings all previously chscussed parameters to focus in a smgle system metnc,
the probability of successfully detecting and locating an ELT or EPIRB within the maximum

‘waiting period. The key-elements that determine the overa]l probablhty of successfully recemng _

a given message are:
~ Mutual interference
Signal ‘detection by the search unit-
Availability of a receive channel
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Probability of recognizing frame sync
_ Probability of receiving good data.
The probability of mutual interference was discussed in Subsection 2.9, but only to the extent .

~ necessary to compare the relative probability of successfully receiving m messages in n trials as a

function of message repetition rate. Now that the major parameters affecting mutual interference
have been more completely defined, mutual interference as a function of the number of ELTs
and EPIRBs being serviced can be evaluated for various repetition rates and k factors. The
equation for mutual interference is: ~ :

P =1~ [ ~ 4kn/TF]N-1

where , o _ .
P, = probability of mutual interference
N = number of ELTs and EPIRBs requesting service
T = period between busst transmissions N
F = total search spectrum in which sngnals may exist
k = channel use factor '
n = number of bit t:mes each message lasts:

The range of N was determined to be 0 to 500. The range of T was htmted to 40 to 80 seconds.
The value of F was found to be 86 kHz. The channel use constant was found fo be 1.5 if Miller
data is employed and to be 3.0 if Manchester data is employed. If a 100-ms unmodulated carrier
preamble is assumed, the effective number of message bits is 128. A plot of the probability of -
mutual interference as a function of N is shown in Figure 2-18 for four values of T. A sumlar
plot is shown in Figure 2-19 for T = 40 seconds and for k =1.5 and 3 a.

The probability of the search unit detecting a signal is an 1mportant consxderatxon and will

now be evatuated. The principal parameters to be determined are the probability of false alarm,
the probability of detection, and the minimum camer-to-noxse (C/N) ratio to establish these
limits. A family of curves showing these parameters is depicted in Figure 2-20. Since previous
calculations have established the probability of failure to detect frame sync or receive a message

- as being on the order of 107, a consistent value for the false alarm rate would be 1076, Thus,

selecting the 107® false alarm rate curve, the minimum peak signal-to-noise ratio is 19 dB for a

probability of detection of 0.9999. This corresponds to a minimum E/n, value of 16 dB. If the -

analyzing bandwidth is 400 Hz and the signal-to-noise density is 49 dB-Hz for the low orbiter or
40 dB-Hz for the geostafionary satellite, the maximum available E_/n0 ise

Efn, = 49 dB-Hz - 10 log 400
=23.0dB (low orbiter)

E/na = 40 dB-Hz — 10 log 400
= 14,0 dB (geostatlonary)

'Therefore a 7-dB margm exists for -the Nlow-orbiting - system, but the geostatmnary satellite

system will not be able to maintain the desired performance. If the threshold is set to. achieve-
the false alarm rate of 1075, the probability of detection will only be 0.98 and some mea_ns_pf
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Figure 2-19. Probability of Mutuat Interferenice, T = 40 Seconds

2-63




99,99

29,95
99, 8

T

99

[

g8

90
C e -

70 —

60 |-

so0 {— o
40 f
30 {—

20 —

FROEABHJTY’OF'DETECTWONJN PERCENT

10 —

- v 10 1014

B . 10—10 /q0-2

SO T O O TR N Y Y O T I
3 5 7 9 11 13 15 17 19 21

PEAK SIGNAL—TO-NOISE RATIO R IN OB (2E/Ng) DB

2091350

Figute 2-20, Detection Characteristics for Signal of Unknown Phase

signal enhancement will be needed in the geosfationary satellite system to achieve a 0.9999

probability of detection. For either system to achieve a comparable margin with respect to the
data detection margin, a 14-dB enhancement is needed. Such an enhancement can be achieved by
averaging several frequency measurements during the 100-ms unmodulated camer preamble The
minimum value for probability of detection will be 0.9999." :

- A second. parameter not yet determined is the probability that a receive channel is available.

Thls is solely a function of the number of frequency-agile receive channels available and the

~number of -signals requesting service. The fundamental equatlon is the cumulatwe ‘binomial

dlstnbutlon equatlon

264




==

£

B

| mbpiemtyraivet

where .
P; = probability that a channel is available
L = number of frequency-aglle channels

n = number of ELTs/EPIRBs requesting service
(corrected for mutual interference)

p= probabmty that a transmission occurs w1thm a given time
slot, assuming uniform time distribution.

From the previous parameter considerations, if N = 400, T = 60 seconds, and k = 3 are assumed,
then the probability that a signal is not intérfered with is 0.8877. The number of signals
requesting service is:

n=0.8877 N
= 0.8877 (400)
= 355 '

If the number of channels available is 12, then:

12

w5 (5 G (-3

x=0
= (0.9926

This number gives the probability of a signal being serviced by a system having 12 channels, but
gives no insight into the adequacy (or inadequacy) of 12loops. This is best depicted by
calculating the probability of success as a function of the number of loops available and the
number of ELTs and EPIRBs requesting service. Before performmg thls calculatlon, the results
presented to this point will be summarized. :

The probability of successfully receiving a message is given by:
P =(1 = Pp PyPPPpg
where
B = probability of successfully receiving a message
P; = probability of mutual interference
P.d = probabxhty of signal detectmn by search umt -
P, = probability of having an avaﬂab!e channel

P = probability of correctly rccogmzmg frame sync
P = probability that the data is'good.
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The relationships between the various parameters are depicted in'Figure 2-21. The conditions, in
addition to those indicated for each probability determination, are: number of ELTs/EPIRBs =
400, MSK modunlation/Manchester data (k = 3), channel BW = 400 Hz, message length = 128 bits,

data rate = 128 BPS, and period betweén transmissions = 60 seconds. This set of parameters is
termed the baseline system. The probability of success for this_ set of parameters is:

P, = (0.8877)(0.9999)(0.9926)(0.999997)(0.9999988)
= 0.881

It is obvidus that the probability of success is dominated by the probability of no mutual
interference for N = 400. The probability of failure as a function of the number of
ELTs/EPIRBs for this baseline system is shown in Figure 2-22,

If the minimum viewing time is 4 minu.tes, then an ELT or EPIRB can transmit a minimum
of four messages (assuming T = 60 seconds) during one pass. The probability of receiving three
good messages {the minimum required to locate a transmitter) is:

*ps =Z4: TR

x=3 7
=0.9279
'If the satellite is .v.isible for a longér ﬁeriod, the probability of receiving three good messages
increases: |
Sps =0.936 |
6ps =0.9975

Returning to the problem of the number of available channels, the probability of failure is
plotted as a function of N v th L as a parameter for Manchester data (k = 3) and Miller data (k
= 1.5). The plots are shown in Figure 2-23. The other probabilities and parameters remain as
before, Observe that for Manchester data, eight loops are inadequate for N > 300, but there is
little difference between L = 1Z and L = 16 for N < 500. Therefore, a 12-channel system is both
necessary and sufficient for a system serving 400 to 500 ELTs if Manchester data is used. With
Miller data, 12 loops are inadequate for N > 400 if full advantage of Miller data is to be
obtained. Hence, the number of channels required to serve 400 ELTs and EPIRBs is 12.

Another item to be observed in Figure 2-23 is the comparison of Miller data and Manchester
L data. Although Miller data offers an improvement . in probability of success, this improvement is
B not sufficient to encourage the use of Miller data. This is particularly true when the use of Miller ;e
i data will degrade the Efn, performance by 6.dB. '

" A final comparison plot is presentéd in Figure 2-24, xiéhi;ih shows the difference between the
baseline system and a baseline system without an error correcting code. Also, a comparison
between RAMS (which used PSK and no error correcting code) and the baseline system is
shown. R BRI -
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Figure 2-23. Comiparison of Manchester and Miller Encoded Data as a Function of Transmitters
Teing Served Versus Probability of Failure (T = 60 Seconds) .

2-69 -

100, 200 . 300 400 - 500




—
—T—TT ™ ey T
T LY n HEE 1 N o
T T T+ L A 7
1 I T I
L LA ey I i1 T
A A
gt i
; T

R Y-
i
i

w

PROBABILITY OF FALLURE

% BASIC RAMS SYSTEM, BER = '{0
- BASELTHE SYSTEM, ND ERROR CORRECTING CODE

L ; s-l R LI )
. T ' k] B j H
[ ; ! 1 ] SR T ‘
T =TT 1 | FR I Y T
i NN ! I R T H
L T 7 ER r;,Jf'!-‘[L T
- t + ;
CF D] | Pl ';lni['

@ BASELINE SYSTEM, BER = 10-3

4 :—t“"'—""'gi":__‘ﬂ.::m = _
22 = = : = T2
} et : e e
‘ : i : o~ i e
T — :
T LI
T T
-3 [T I ' i ]
10 "1 - T B - 1 ; T

!
(v . 100 200 300 400 50

209154 N

Figire 2-24. Comparison of Varions Types of Systems.as 2 Function of the Number of Transmitiers
Being Serviced Versus Probability of Failure

2-70

OLA-‘

e b

1

Bl

™

i
|
i
i




L et

i } A review of the algorithms used to obtair yosition information within a £5-km accuracy has
indicated the need to obtain more than the minimum number of messages. The minimum
number of messages believed to be necessary to achieve the desired accuracy is 4, and the period
between transmissions should be reduced to 48 seconds. This allows the transmission of at least
6 messages within the 4-minute viewing time. For this case and with N = 400:

‘ I -P, =086

s Py, = 0.9698
;} P, = (0.86)(0.9999)(0.9698)(0. 999997)(0 9999988)
L .= 0.8339
'? Note that the net effect of reducing the period between transmissions from 60 seconds to
L 48 seconds is to reduce the probability of receiving any given message from 0.88 to 0.83. The

corrésponding probablhty of successfully receiving three messages (the minimum number) in

bl 4 minutes of satellite viewing time is 0.965. The probability of receiving four messages in 4
A minutes (five attempts) is:
™ | - 5P, = 0.8048
it

This is acceptable only when it is recognized that this is a worst case situation. If the satellite is

o visible for 4 minutes and 48 seconds, then six tries are perrmtted and the overall probability of
' receiving four messages is:

- ' 6P, = 0.9383

Given a satellite visibility time of 5 5 mmutes, the probability of obtaining location accurames of
o *3 km becomes:

7P, = 0.9826
% Therefore, the probability of success is not a threshold number, but rather the system provides a

graceful degradation in accuracy as the system limits of viewing angle, number of devices, and
service rate are approached.

= One final comment needs to be made concerning the repetition rate of each transmitfer.

R The 48-second interval is intended to define the mean interval. The actual interval should be
C Lk ks “dithered”” to ensure a random (uncorrelated) timing relationship between transmitters. Such a
SR W precaution is necessary to prevent transmitters that suffer fime interference on one transmission

from undergoing such interferences on succeeding transmissions. The optimum amount of dither
required has not been deterrmned but a +5-second pseudorandom tlme vananons should be
. sufficient. : '

It is worthwhile to 'dete.rmine the probability of success as a function of the number of
transxmtters being serviced for a system ha,vmg the characteristics selected in this section:

Transmission period 7 I second
s Period between transmissions (rnean) 48 seconds
s . - ' Usable spectrum - S 86 kHz
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Figure 2-25. System Performance as a Function of Dynamic Range

272

e

rae

>
i
E
4
-x

PR

i rrnes ot




Number of phase-lock loop receivers 12

Modulation MSK

Datafclock coding . Manchester

Forward error correcting code . three-error correcting,

Although dynamic range was not listed, its relationship to system performance will be illustrated
for three distinct dynamic range levels of 10, 20, and 30 dB. This is accomplished by using three
corresponding channel use factors determined in Subsection 2.9 (Figure 2-12), ie., k = 3, k = 6,
and k=10, respectively. A BER of 107 is assumed. The results are depicted in Figure 2-25. The
weaker signals are more likely to suffer mutual interference, with some signals requiring the
minimum (10-dB) dynamic range and others requmng the maximum. If 20-dB dynamic range is
used as a mean, then the system will provide an acceptable performance level (99-percent
probability of location to within £5 km) for up to 300'ELTs and/or EPIRBs within the FOV.,

No consideration has been given to the geostationary satellite system. The probability of
mutual interference increases for such a system because the amount of frequency dispersion is
reduced since no doppler shift is introduced. The fotal spectrum available for a geostationary
satellite system is approximately 40 kHz instead of 86 kHz. Thus, the probability of receiving
any given message is reduced in the geostationary satellite system, but.this is compensated by the
lack of constraints on satellite viewing time and satellite waiting time. Because several attempts
are permitted and only one good message is required to obtain location information, the mutual
interference problem is less severe for a geostationary satellite. The number of atternpts (number
of messages transmitted) necessary to achieve a 99-percent probability of detection as a function
of the number of transmitters in the FOV is shown in Figure 2-26. The plot was made for a
worst case repetition rate of once each 40-second interval. Therefore, any system capable of
meeting the mutual interference requirements of a low-orbiter satellite will function with a
geostationary satellite.

2.13 ANALYSIS OF AN INTERFEROMETER TECHNIQUE USING A
GEOSTATIONARY SATELLITE

The basic underlying principle of operation for this technique is the existence of a unique
relationship between the electrical phase angle of a received carrier and the mechanical or
geometrical angle of a transmitter and a pair of receivers. A fundamental assumption is that the
received signals from a given source are spatially parallel i.e., the distance between the source
and the two receivers is very great with respect to the displacement of the two receivers. For
such a system to be mechanically feasible for spacecraft application, the wavelength of the

. .carrier must be small with respect to the antenna baseline displacement.

The geomeiry for such an interferometer is shown in Figure 2-27. One receiverfantenna is
located at point A; a second is located at point B, The distance between the center of antenna A
and the center of antenna B is D. Point Q is the center of the baseline AB. The received signal -
arrives along a path parallel to line 1Q; the angle of incidence is 6. Line PQ is perpendicular to
baseline AB. The angle between baseline AB and the plane of the wavefront ac is also 8. Hence,
the signal arriving at receiver B must travel an additional distance, s:

s=Dsin @
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REGEIVED
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Figure 2-27. Geometry for the Basic
Interferometer System

where

@ = arc sin (

* Since the signals were transmitted from a

common source and traveled along virtually
parall:l paths, the signal asriving at point B
is displaced in phase with respect to the
signal at point A by precisely: ’

¢ A
where
¢ = the phase displacement of the .
signal received at point B with
respect to the signal received
at point A in rac_l_ians_

A = the wavelength of the received
signal.

A simplified sketch. of an inter- =

ferometer system is shown in Figure 2-28.
The phase angle of th~ received carrier is
accurately determined or both receivers.
The difference in the eiectrical phase angle,
¢, is determined, and the angle of incidence,
0, is computed:

20 )
27D

* X = the wavelength of the received signal

D = the length of the antenna baseline

¢ = the difference in the phase of the two received signals in radians.
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Figure 2-28. Interferometer Poition Lacating System

e




[ IS E ARSI (PRI SY S SRS EOR AN SRR S

Because the value of ¢ can only be measured unambiguously to Z, the follbwing must be true if
@ is to be unique:

< 3—:2 sin 6 <

Since the value of 8 can be £10 degrees for a geostationary satellite, then sin 0 < 0.17. Hence,
| D <3\

For a carrier frequency of 406 MHz, this corresponds to a baseline distance of 2 meters.
However, previous calculations have shown that the antenna diameters alone must be
approximately 2.8 meters and it is therefore impossible o have an unambiguous system without
some method of coarse phase measurement.

One technique for deriving a coarse angle measurement would be the use of a fifth antenna.
(A second pair of orthogonal antennas is required for two-dimensional position locating.) The
fifth antenna could perform the coarse angle measurement by using a technique similar to that
‘used to position tracking antennas, i.e., relative signal stréngth measurement. A second technique
would use an off-focus sensing antenna in one of each pair of main antennas. No further
consideration is given fo the ambiguity problem.

The final consideration for this technique is accuracy. For the antenna size required
(2.8 meters) and wavelength (0.75 meters), the minimum D/A ratio is approximately 3.75. For
practical consideration, the ratio will be assumed to be 10, which corresponds to a displacement
of 7.5 meters. The positioning should be performed to within £5km. At an altitude of
approximately 37,000 km, this corresponds to an angular displacement of

88 =
arc tan 37,000
= (.0077 degree

frem which
D
b = 27 — sin (66)
A
= (.0085 radian
= 0.486 degree
From these calculations, it is apparent that the mechanical alignment of the system must be
_calibrated and maintained to within +0.007 degree or. approximately - +30 seconds of are. The

electrical phase measurement must be made accurate to within +04degree This error includes
any phase error mtroduced by multlpath signals.

;
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The effect of multipath signais is evaluated by

Vi
— max < tan 0.4 degree
Vi _

= 0.007
Hence, any reflected signal must not exceed —43 dB with respect to the primary signal. Because

reflected signal strengths will probably exceed this value, it is expected to be a major source of
error,

In summary, the interferometer can be used to do angle measurement and therefore:

positioning via a peostationary satellite. The major design problems with this concept are:

1. A coarse angle measurement is required to eliminate ambiguity problems generated in
the fine angle measurement technique.

2. The mechanical alignment of the system is critical and the accuracy requirements
approach those of an optical system.

3. Multipath reflections may impair system accufacy.

2.14 ANALYSIS OF UNILATERAL RANGING (HYPERBOLIC RANGING)
USING GEOSTATIONARY SATELLITES

The hyperbolic system referre* to here is a time-difference system. Although ifs salient
feature is being able to determine range without requiring a transponder, the system does require
a minimum of three geostationary satellifes to achieve the desired ranging. (A transponder
ranging system requires only two satellites.) The principle of operation is the same as that
employed in loran. It is based on the accurate determination of the time of arrival of received
signals., The difference between the arrival fimes at any pair of satellites establishes a unique
hyperbolic line of position in a plane or a unique hyperboioid in space. By assuming a known
earth geometry, the intersection of the surface of the hyperboloid and the surface of the earth
establishes a unique line of position on the surface of the earth. A second such line of position is
formed from the second pair (one is common to the other measurement) of time measurements.

-If. the three satellites are within the equatorial plane, the two lines of position® will intersect in

only two points: one in the northern hemisphere and one in the southern hemisphere. Thus, it
will be necessary to somehow resolve this ambiguity. In addition, since the three satellites will be
co-planar, the position accuracy will degrade toward the equator. This can be better evaluated by

considering the transverse error as a function of a longitudinal error.

The transverse error associated with a given measurement error along the longitudinal path
is a function of the off-axis angular displacement of a transmitter. This is illustrated by
Figure 2-29 and the following calculations. The amount of angular error associated with a surface
displaceiaent error is:

360 &s,
80, = ————
2w (6370)
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Ro= 6,37 X 103 KM
H = 3,585 X 10% KM
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Figure 2-29. Geométxy for Determining the Minimam Value of 0 Allowable for Obtaining a 5-km Position Accuracy
Using a Geostationary Satellite and Hyberbolic Ranging

where

88, = the angular error in degrees
s, = the position error in km.
If the maximum allowable value for &8s, is 5 km, then:

_ 360)(5)

o6 —_—
27 (6370)

e

» = 0.044973 degree, maximum
For an initial value of & = 10 degrees, the value of C (the slant-range) is found by the solution
of the triangle problem:
C, =3.596379 X 10% km
For an error of 68, = 0.044973 degrees, then:
C, = 3.596481 X 10* km
hence

8C, = 1.021 km, maximum

As the value of @ increases, the maximum allowable value of 8C, increases. Therefore, the

system measurement accuracy should be sufficient to résolve slant—range distances to within |

*] km with the restriction that the minimum off-axis angle be 10 degrees; i.e., the minimum
usable conic half-angle displacement from a line formed by the satellite and the earth’s center i<
10 degrees. If the satellite’s orbit lies within the equatorial plane, then reasonably accurate results
can be expected in latitudes exceeding +10 degrees
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Since the maximum allowable range error is to be %1 km, the maximum time of arrival
error to be allowed is determined from

e 1 km

= —————— = velocity of li
e = 3 X 10° kmjs (v = velocity of light)

= 3.33 us

Therefore, a design goal should be to determine the time of arrival within *1 us with %3 us being
the maximum allowable, If the bit clock is to be used to establish the precise time of arrival
(after the determination of frame sync, of course), the bit clock jitter should be no more than
*] ps, If the bit clock is 128 Hz, this corresponds to a +0.013-percent jitter, maximum. This is
equivalent to a phase error of *0.045 degree p-p or 0.016 degree rms. This is obviously an
extremely tight requirement and can only be achieved with a phase-lock loop having high loop
gain and a narrow bandwidth. In addition, the VCO must have very good shorf-term stability.

Before further consideration of system accuracy, the technique for determining time of
arrival should be discussed. The method under consideration uses a coarse time measurement and
a fine time measurement. The coarse time measurement is established by the frame sync code; it
is the time at which frame sync is recognized. This time will be accurate to within +% bit time.
A narrow bandwidth phase-lock loop locks fo the data clock and tracks this frequency for a
predetermined number of bit times. After this period, a well-defined clock transition marks the
precise time of arrival. The key parameter thiat limits system accuracy is jitter of the highly
processed bit clock. This jitter (assuming a phase-lock loop approach) is related to sysfem
signal-to-noise ratio and loop bandwidth. These relationships are well documented for phase-lock
loops, Subsection 2.9.

The minimum practical loop bandwidth is thought to be approximately 5 Hz for a satellite
system. The minimum loop noise bandwidth is achieved for a loop damping factor of 0.5, in
which case the noise bandwidth is related to loop bandwidth* by:

By = 0.5 w,
where
By = loop noise bandwidth, Hz
w, = loop bandwidth, rad/s
from which:

B, = 0.5 (2m) (5)
=15.71 Hz

” ~ [WiBg
ng - Ps

The rms output phase jitter is:

*This assumes a second-order loop.
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where ’ JIX
ego = the mean-square output phase jitter, rad? !
P, = the input signal power, watts A
Wi = 21'19
=n, (dB) + 3 dB i
where "
n, = input noise density. E
Since the worst case signal-to-noise density for a geostationary catellite was found to be o
approximately: ot
: Aoty
— = _40dB
PS
then o
Wi -3
10 log—=—-40dB + 3 dB
P, in
and
W,
—=2X 10"
Ps *I
The rms phase jitter is i
VEZ =2 X107 B T
0 Dy

= 5.6 X 1072 rad

= 3.2 degrees

which is many times the maximum allowable jitter needed to obtain +5-km accuracy. This
corresponds to a root-mean-square timing error of 0.89 percent, or 70 us {or a data rate of
128 BPS, which is approximately 20 times the limit required to maintain a £5-km error. The rims
error at a latitude of 10 degrees can be expected to be approximately 100 km or 60 miles. This
error will decrease as the distance from the equator increases. At 30-degree latitudes, the error
will be reduced to 35 km or 20 miles.

Therefore, it is seen that the system accuracy will be poor near the equatorial regions with
a moderate error above 30 degrees north latitude. The error is sufficient to indicate that the
system js not optimized for this measurement technique. Improved perfor..:ance would result if a
higher frequency side tone could be used. This is not possible, however, since such a tone would
increase the channel bandwidth occupied by an BLT, thus increasing mutual interference. A
second alternative would be improving the received signal-to-noise ratio. This could possibly be
done by using an antenna with reduced beamwidth and higher gain. Also the receiver noise figure
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could be improved. A 10-dB improvement in signal-to-noise performance v:rould improve accuracy
by a factor of 3. Such a sys’em would approach the desired performance goals.

2.15 SECTION 2 REFERENCES

2.1

2.2

2.3

2.4

2.5

2.6

2.7

2.8

2.9

2.10

2.11

LCDR Robert L. Vance Jr. and LT Fredrick N. Wilder, “The Usefulness of a Data Base in
Determining an Optimal Electronic Alerting and/or Locating System,” Telecommunications
Management Division, U.S. Coast Guard Headquarters, Washington, D.C.

James D. Bigelow, Lt. Col., Civil Air Patrol, “Automation of Missing Aircraft SAR with
Satellite Photos and FAA Computer Stored Flight Data,” paper presented to National
Association of Search and Rescue 1976 Annual meeting, Cheyenne, Wyoming.

Mike Greeman, Gene Fear, Lois McCoy, Rick inValla and the San Diego Mountain Rescue
and Survival Education Association, “Stormy Weather Search for E.L.T.’s,”” SAR Paper
No. §76-107, NASAR 1976 Conference, Cheyenne, Wyoming.

Bernard J. Trudell, NASA Goddard Space Flight Center; LCDR Benjamin M. Chiswell III,
U.S. Coast Guard; and Captain Hardy M. Willis, FAA, “SAR Distress Alerting and
Locating: Past, Present, and Future,” presented at the 1976 RTCM assembly meeting, San
Diego, California.

Benard J. Trudell and William N. Redisch, “Search and Rescue Orbiting System,” Goddard
Space Flight Center, report 952-76-215, September 1976.

National Transportation Safety Board, *‘Aircraft Accident Report,” Report Number
NTSB-BA-76-(1-5) (1976).

Jesse L. Murray, Jr. and Frederick J. Styles, “Development of Optimum Frame
Synchronization Codes for Goddard Space Flight Center PCM Telemetry Standards,”
National Telemetry Conference paper, 1964.

W.W. Peterson, Error-Correcting Codes, The MIT Press (Cambridge, Massachusetts, 1968).
Floyd M. Gardner, Phaselock Techniques, John Wiley and Sons, Inc. (New York, 1966).
Albert E. Aindd, John L. Burgess, and David L. Reed, “System Study for the Random
Access Measurement System (RAMS),” Goddard Space Flight Center, Greenbelt, Maryland,
Report X-752-70-376 (October 1970).

James J. Spilker, Digital Communications by Satellite, Englewood Cliffs, New Jersey
(Prentice-Hall, Inc., 1977).

2-81/2-82

- ) ST




;
H

H

H

H

o

i3
1

i
Ll

BT nEo ke 5ot T e e s T .‘:f'. ‘ S A.

I

?‘“

£+

-

J

<

SECTION 3
ELT/EPIRB IMPLEMENTATION

Section 2 has analyzed the overall system problem and established the requirements for
both the ELT/EPIRBs and the spacecraft equipment. The purpose of this section is to examine
the implementation problems in the ELT/EPIRB and to provide a better understanding of the
ELT/EPIRB equipment.

The three major considerations for the ELT/EPIRB are reliability, performance stability,
and cost. In light of the reliability and performance considerations, the design analyses presented
in this report are conservative and are based on experience at Texas Instruments with military

equipment programs. Rigorous design would, no doubt, simplify the circuitry and bring down
the cost.

3.1 ELT/EPIRB REQUIREMENTS

Before beginning a detailed discussion of the ELT/EPIRB design, a brief summary of the
requirements is given. As shown in Table 3-1, the ELT/EPIRB is a 5-watt (effective radiated
power, ERP) transmitter at 406.05 MHz with a relatively low duty cycle (on for 1 second every
48 seconds). This low duty cycle is employed to lengthen the transmit lifetime (battery lifetime)
to about 100 hours and to allow system time division multiplex operation. A digital data message
included with each transmission has a unique identification code for each ELT/EPIRB; the
capability for specifying the type of emergency has also been included.

The beacon transmitter is a low-powered (15-mW) CW transmitter operating at 121.5 MHz.
Its function is to provide a signal for detection by direction-finding equipment on board rescue

<A

craft when in proximity to the ELT/EPIRB. !
32 ELT/EPIRB DESIGN 2
3.2.1 ELT/EPIRB Design Approach &
As shown in Figure 3-1, the ELT/EPIRB consists of the following basic functions:
406.05-MHz transmitter r g
121.5-MHz beacon ;
Battery
Activator.

The 406.05-MHz transmitter provides 2.5 watts of RF power into a 3-dB gam antenna
which results in a 5-watt ERP. Pulsed operation is employed with a duty cycle of 1 second in
every 48 seconds, lowering the power requirements from the battery power supply.
— - A1 o { ST i‘ e l } B 7._/l,i e —




Frequency

Stability
Long-term
Medinm-term

TABLE 3-1. ELT/EPIRB CHARACTERISTICS

Short-term. (fractional frequency deviation)

Power output (ERP)
Antenna gain
Spuricus output
VSWR

Modulation

406.05 MHz

+0,003 percent (over temperature & life)
x1 Hz/min

2 % 10 maximum

5w

3 dB peak

50 dB below 5 W

Infinite without demage

Minimum shift keying (MSK)

Transmit lifetime (battery lifc) 100 houss
Operating temperature -40° to +50°C
Bit rate 128 BPS
Data coding Marchester
Message length 115 bits
CW. preamble 102 ms
Transmission time ls
Repetition rate- 48 5
Codes in message
_ Emmergency 32
User 4
1D codes 48 bits*
Beacon. _
Frequency 121.5 MHz +0.003 percent
Power output 15 mW
Modulation none, CW only
*See text, Subsection 2.6,
KEYBOARD || ' 406, 05-MHZ
: Locte g TRANSMITTER
POWESR'
. ey y 121.5~MHZ
; parTERY. aemvaTor [y rowes | 1RL gl
2090898: -

Figure 3-1. ELT/EPIRB Block Diagram
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The logic generates the data stream for modulating the 406.05-MHz transmitter and
provides the following functions: .

Timing

ID code generation

Keyboard interface/emergency code generation
Bit sync/frame sync code generation

Error correcting encoding

Manchester encoding.

For the more complex EPIRB installations, a keyboard will be used by the operator to
input emergency codes.

As previously mentioned, the 121.5-MHz beacon provides a 15-mW carrier for homing
purposes by rescue craft in proximity to the ELT/EPIRB.

Power for the ELT/EPIRB will be supplied by internal lithium batteries which, with the use
of pulsed transmitter operation, will provide operation for approximately 100 hours. In EPIRB
installation, power could be supplied extemally, but standby operation from battery power
would always be desirable.

The activator that turns -on the ELT[EPIRB will be a “g” switch, an oil-pressure monitor,
etc., for the aircraft ELT. In the EPIRB, the activator w1ll be a manual or a water-contact
switch. The study of the activator is beyond the scope of this study and it is not discussed
further in this report. :

3.2.2 Antenna Considerations

Five types of antennas were studied for application as the ELT or EPIRB transmit antenna.
Factors used in ‘evaluating antennas included manufacturing cost, radiation pattern, suitability for
the application, size, and weight. While a detailed antenna evaluation is beyond the scope of this
study, a brief description of the basic requlrements and potentially suitable design concepts is
included. '

The general requirements for the ELTIEPIRB antenna are that it;
Produce a circularly polarized signal
Provide a 3-dB gain

Provide a donut-shaped hemispherical radiation pattern with a maximum gain variation
of 3 dB over 360 degrees of azimuth angle and 10 to 70 degrees of elevation angle

Have suitable aerodynamic properties (ELTs) and be resistant to damage
Be economical to bu11d/1nstal1

Smce 11: is possible that antenna onentahcm in an emergency sxtuatlon may not be as desired and,
in addition, the antenna is subject to damage, the antenna selected should be capable of
providing a usable: signal in such suboptimqm situations.

3-3
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The first antenna type considered is the whip, which is the dominant type used in current
ELTs. Its major problems are that it does not permit much flexibility in shaping the radiation
pattern and it is subject to damage. However, the whip is a logical choice for the 121.5-MHz

beacon to be used with the second-gemeration ELTs. It may also be a reasonable choice for

EPIRBs,

A group of antenna types collectively referred fo as conformal antennas offer more
flexibility. The first is the stripline antenna. It is constructed using printed circuit stripline
methods, with a resonant cavity behind the stripline antenna. This design has mechanical/
reliability problems and is not an ecconomical approach. The stripline antenna also requires a
considerable amount of mounting space for 406-MHz versicns.

A second type of conforinal antenna is the microstrip antenna. It is a generally feasible
approach but has the intrinsic microstrip problem of being sensitive to surrounding conductors.
This causes interaction between adjacent antenna elements and has the potential for severe
alteration in the antenna pattern by the surrounding medium.

A third antenna in the family of conformal antennas is the slotline antenna. It is essentially
the opposite of a microstrip antenna, having conductor gaps in the place of conductors. The
major difficulty in using this technique is matching it to a transmission line.

A final antenna design which overcomes many of the above design problems is the coplanar
stripline antenna. Essentially, it combines the microstrip and slotline techniques to provide a
well-behaved low-cost fabrication method for conformal antennas. The E-field is contained in the
gaps between conductors. Antenna patterns can be eiched in the plane with little coupling
befween elements. The consiruction is simple and the antenna feed is easily implemented.

Circular polarization is easily achieved using two adjacent elements fed from a 90-degree hybrid;
the hybrid is part of the antenna.

A sketch of a single-element coplanar stripline antenna is shown in Figure 3-2. The antenna
is etched on a double-sided printed circuit board (PCB) on which one side is a solid ground
plane. The antenna can be fed directly from the rear side. However, for the ELT application,
additional elements would be used in conjunction with a hybrid to produce the desired circularly
polarized radiation pattern. A sketch of such a pattern is shown in Figure 3-3.

The coplanar stripline antenna has most of the desired électrical features for the ELT

application. Being planar and conformable, it can be mounted flush with an aircraft surface. It is
simple and can be made of lightweight materials. Before final selection, however, it must be
experimentally evaluated to ensure that it produces a usable signal in spite of abnormal
orientations. The antenna could be used for EPIRBs, but a modified whip might be more
desirable for this application. The whip is still the best candidate for the 121.5-MHz beacon.

3.2.3 Power Source Considerations

Although power for the ELT/EPIRB could be supplied externally in large installations, the
use of interndl batteries is the only reasonable configuration from a reliability standpoint for
ELTs. Both primary (nonrechargeable) and secondary (rechargeable) batteriés ‘can be used.
However, the reliability and shelf life (time that batfery maintains full charge) rule out the use
of secondary batteries.
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GROUND GAP In the last few years, developments in

- . primary battery construction have vastly
7 ' improved performance. As discussed in
numerous articles,»? lithium batteries
provide outstanding performance in terms of
capacity, flat voltage discharge, shelf life,
and operating temperature.

A summary of the characteristics of the
various primary battery types is shown in
Table 3-2. Examination of the operating
temperature range quickly reduces the
choice to only two types, alkaline and
lithium. The required operation at —40°C
can only be met by lithium.

Figure 3-4 compares the relative
capacity (watt-hours) for the various types
of primary D-cells at 70°C and l-ampere
load. The lithium D-cell’s capacity is equiv-
Fie alent to four mercury-zinc D-cells, five

CENTER : :
CONDUCTOR alkaline manganese D-cells, seven magnesium

D-cells, or thirty carbon-zinc D-cells.

Figure 3-2. Coplanar Stripline Antenna/Feed
(Fadananthi ModsD The cell voltage of lithium is nominally

2.95 volts (unloaded) and exhibits relatively
flat voltage discharge characteristics, as shown in Figure 3-5. During storage, the lithium cell
develops a passive film which greatly reduces any parasitic side reactions and results in a shelf
life of several years. The passive film is quickly removed when load is applied to a cell.

The major obstacle to the lithium cell is that it outgasses hydrogen and sulfur compounds.
In cases of shorts, extreme pressures are built up within the cells and a venting system is
required to prevent explosions. Sealing of the cells has improved over the past few years and
fusing of battery packs is normally done to avoid the short-circuit problem. The outgassing

problem is serious since it can cause corrosion of printed circuit boards and result in malfunc-
tioning equipment.

In spite of these problems, the lithium battery remains the only viable power source for
future ELTs and is now used in a large number of current ELTs. Improvement in battery sealing

and housing the batteries in separate compartments will substantially lower the risk of corrosion
for future ELTs.

The battery pack for the ELT/EPIRB would consist of five lithium cells in series. With a
nominal cell voltage of 2.6 volts (loaded) the battery pack voltage will be 2.6 X 5= 13.0 volts.
D-cells of 10 ampere-hour capacity would be used. One additional D-cell would be used to
supply power to the logic circuits.

! “Battery Technology—Packaging More Muscle Into Less Space,” Electronics, April 3, 1975, pp. 75-82.
*“In Power, Longevity, and Voltage, Batteries Are Reaching New Peaks,” Electronic Design, May 24, 1974, pp. 2834,
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Energy output
" “Watt-hours per Ib
" ‘Watt-hours per in?

Nominal cefl
voltage

Practical:drain rites
" Pulse .
High (>50 mA)}
Low (<50 mA)

Impedance Z, ;

Temperature range
‘Storage '
Operating

Tempemture
versus capacity.

Shelf Iife at 68°F
to 80'percent initial
capacity (in yeats)

Shape of _
diseharge curve:

TABLE 3-2. ELECTRICAL CHARACTERISTICS OF PRIMARY BATTERIES

Leclimche

Zinc-Chloride.

20 44

2 : 3

15 :1.5

Yes- Yes
100:mAfin? 150 mAfin?
Yes . Yes

Low: Ld\_v

—40° to +120°F —40° to +160°T
+20° to +130°F 0° to +160°F

Pocr at low Good at low

temperature temperature
campared to
Leclanche
2103 2t03
Sloping

Sloping

Alkaline
20to 35
2t035

1.5

Yes
200 mAfin?
Yes

Very l'ow

-40° to +120°F
—20° to +130°F

Fair to good

ot low temperature -

dto5

Sloping

Magnesium
40
4

2.0

No

200 to 300 mAfin?

Yes

Low

(Delay on startup)

—40° to +160°F
0° to +160°F

Fair at low
temperature

2to03

Fairly fiat

Mercury-Oxide
46
6 .

1350r14

Yes
No
Yes

Low

—40° to +140°F
+32° to +130°F

Good at high
temperature
Poor at low
temperzture

2ta3

Flat

Silver-Oxide

50
8

1.50

Yes
No
Yes

Low

~40° to +140°F
+32% to +130°F

Paor at low
temperature

2t0 3

Flat

_Divalent:
Sitver-Oxide

70
14

15

Yes
No
Yes

Low

—40° to +140°F
+32° to +130°F

Poor at low
temperature

2t03

Flat

Lithinm
100 to 150
8to 15

2.8

Yes
Yes
Yes

Less than 1 ohm

—65° to +160°F
—40° to +130°F

Excellent

. 3te5

{estimated)

Flat
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Figure 3-4. Comparison of Energy of Primary D-Cells Figure 3-5. Voltage Versus Time for D-Cells at 1A Load

The goal of 100 hours of operation from the batteries is possible only if pulsed operation is
employed in the ELT. An estimate of transmitter lifetime is made and discussed in
Subsection 3.2.7.

3.2.4 Logic Consideraticns

The logic circuitry performs all timing, data generation, encoding, and control functions in
the ELT or EPIRB. Each device will contain a unique ID number and user code stored in some
form of read-only memory (ROM). The logic circuitry will provide data to the modulation
circuitry of the RF section. In general, the logic can be implemented two ways.

The first method considered is a microprocessor approach. This approach may seem like an
overkill at first glance, but some devices are so inexpensive that they may provide an economical
approach. In particular, devices that contain ROM, random-access memory, and processor on a
single chip are attractive. Current microcomputers of this type are capable of performing the
logic functions, but appear to require more power than is desirable.

Another possible choice is the custom LSI chip. An approach using integrated injection
logic (I2L) to provide all logic functions except ID storage may be feasible. Power requirements
appear to be less than 25 mW including an oscillator for the clock; only a single 2.5-volt source
would be needed. The chip area required for the logic is only 25 percent of what is currently
possible. This implies that yields would be good and costs would be low. This approach would
probably yield the most efficient logic design since the circuitry could be customized.

3-8
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3.2.41 Data Format

The data format has been discussed in Section 2. The ELT/EPIRB logic must geﬁerate the
data format in the correct sequence and at the proper data rate. The sequence is:
I. Initiate transmission. :
Provide 102 ms unmodulated preambie (13 bit times).
QOutput an all-1’s data pattern for bit sync (15 bits).
Output frame sync (24 bits). : '
Output user code/ID/emergency code (55 blts)
Produce/output parity check code (21 blts)
Terminate transmission.
8. Provide 48-second delay (randomly timed).

R

The output data rate is 128 bits per second and the transmit period is 1secend. The data is in.
Manchester format.

3 2_.4.2 Logic Functions

The logic circuitry must control the ELT/EPIRB. It provides the following functions:
Timing
ID code gene'ration
Keyboard interfacefemergency code generation
Bit sync/frame sync generation
Error correcting encoding

Manchester encoding,.

. The use of custorn large-scale integration (LSI) technology to perform these functions makes the

circuit design method essentially the same as that used for standard transistor-transistor logic
(TTL) random logic. The use of a microprocessor approach implies that the design is primarily
one of software generation. Both of these implementation methods are .discussed in
Subsection 3.2.4.3. This subsection considers circuit functions without regard to implementation
technique where possible; the hardware approach is assumed where necessary.

Timing is critical for the ELT/EPIRB. operation. There are two timing operations to be
performed in the ELT/EPIRB. First, the period between transmissions must be controlled. It is
desired that the meadn time between transmit pulses be 48 seconds. However, it is also important
that this interval not be periodic. It should be of a random nature or at least have pseudorandom

. characteristics. This -is important in reducing mutual interference between transmitters. -For

example, if the period between transmissions of an ELT is precisely controlled and is periodic,
then two ELTs or EPIRBs that interfere with each other on omne fransmission will probably
interfere with each other on the following transmission. Hence, it is desirable to mtroduce some.
dither in the timing of ELT/EPIRB transmissions. This random time variation should cause the

period between transmissions fo vary between 40 and 60 seconds with a mean of 48 seconds.
Such a technique w111 help ensure the desired Po:sson d1str1but10n of transrmssxons assumed in

‘the analysis. - -
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The second timing operation is , : 1 ;
sequencing of the transmission inferval and : WAIT FOR g
control of the output data rate. This timing ' } :
must be precise, especially if hyperbolic il
ranging - capability is to be retained. If :
optimum MSK is desired, then the data TURN TIMING }: i
clock must be coherent with the RF carrier; OSCIGLATOR S
therefore, the data clock should be derived . i
from the RF crystal oscillator. Otherwise, * T E
the data clock can be generated from a INITIATE IR
stable source such as a watch crystal. AL ' 1}
COUNTER ";“ : 1
The data timing consists of producing a * i !
precise output data clock of 128 Hz. - B
Multiples of this frequency and possibly TURN RF Tl
other phases of the 128-Hz or 256-Hz clock AMPLIFIER b !
: . ON !
are needed in the LSI logic approach. From :
this data clock, it i$ necessary to provide the - * e
precise timing signals that are needed to . S
furnish 102ms (13 bit periods) of unmod- IO R RSt
ulated carrier at the beginning of trans- ' ' ey Lo
mission, to furnish the modulation data, and. * i o
to terminate the transmission interval. If a OUTPUT BIT (15 BITS) DR
microprocessor is used, it may be necessary 'SYNC CODE _
to provide an additional clock for processer 1 f
timing. o
TRAME (24 BITS) -
The event sequence that the timer must - SYNC CODE o i
‘control is shown in Figure 3-6. The start ' * s
pulse is generated from the 48-second timer 3 —
already discussed. The sequence shown is QuTBUT (55 BITS) 4
executed once each time a start pulse is - . DATA, C e
produced. The sequence may be controlled -
either by a custom random-logic chip or by {
a suitable microprocessor. The timing oscil- g‘i‘.;;ﬁ%’.‘; (21 B1TS)
lator and RF power amplifier are held off CHECK _
except for the l-second transmit interval. T
The ecrystal oscillator remains on to maintain *
frequency stability. If a countdown chain is - . TURN RF :
- used to derive the bit-time signal from this AR h}
oscillator, it- is also kept off. If -a micro- OFF o
processor is used, it can be turned off * — o
“except during the transmit interval provided - L T
the proper initiating sequence can be per- TURN TIMING 1
formed without disturbing the = required OSCILLATOR OFF
sequence. ' o
209103

L . .t .. . Figue 3.6 ELT/EPIRB Event Timer Flow Chart ~
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Figure 3:7. Generalized Block Disgmm for Coherent MSK
Generation Using a Custom LSI Chip

3243 Logic/ﬁét}fr}g Implementation

The previous subsection has discussed the functional requirements of the logic and timing

circuits and <uggested ways they can be implemented. This subsection considers three methods of
implementation.

-The first. method suggests a custom LSI ch.tp using L technology, 2 dmcrete-part 48-second
timer, and a prescaler from the RF oscillator to derive the data clock. A block diagram is shown
in Figure 3-7. The RF oscillator and buffer oscillator are continuously powered once the

ELT/EPIRB is activated. The 48-second timer and LSI chip are also continuously powered. ‘The -
- d48second timer pulses set a latch in the LSI chip which turns on the power switch supplying

power to the prescaler and RF amplifier/modulator. The sequence of events necessary to execute
the transmission of a single message is begun

The emergency ‘code from the keyboard is entered and stored in the LSI ch1p Elther a

debounced X—Y,,address mode or a scanner mode can be used 4o interface with the keyboard

The ID code is stored in the 6 X 8. diode matrix. Thls code is transferred to the LSI chlp by
sequentially addressmg six address lines and loadmg data via eight dats lines.
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Figure 3-8. Block Diagram for a Simple Two-Cizip Logic Impleméntatian

The LSI chip contains all Jogic necessary to generate the proper data which is output to the
modulator at the proper rate. This circuit requires three chips in addition to the custom chip:

A 6 X 8 diode matrix
A 48second timer oscillator
A prescaler for the clock.

This circuit meets the requirements for generating coherent MSK; ie., the data clock is derived
from the RF carrier generator. If this is not a primary design requirement, the circuitry can be

simplified.

A simplified design is shown in Figure 3-8. This chip design would include circuitry for an
- oscillator similar to that used for watches having a 32.768-kHz crystal. It would also provide
circuitry for synthesizing the pseudorandomly varying 48-second transmit-start puise. This tech-
nique eliminates both the prescaler and the 48-second timer circuits. The only logic - circuit
. _reqmred in addition to the LSI chip is the diode matrix. This two-chip approach would probably
" be the least expensive method of implementing the desxgn in large quantities. All timing and

logic funcnons are performed by the smgle LSI ch1p

The ﬁnal method studled for 2mplementmg the ELT/EPIRB Ioglc is the microprocessor
approach shown in Figure 3-9. A microprocessor such as the TMS 1000 containing a processor,
ROM, and random access memory on a single chip may pl;ox_r_ide_ an economical. approach to the
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o i
f [ﬂ-:} Figure 3-9. Microprocessor Approach to Logic Implementation
au logic design. It is only necessary to generate a simple software program and construct a program

mask. This cost (assuming a correct functional requirement is defined) will be nominal, probably
no more than a few thousand dollars.

In addition to the microprocessor, a universal asynchronous receiver/transmitter (UART), a
countdown chain, a 6 X 8 diode matrix, a 4-bit external latch, and a 48-second timer are
required. The microprocessor is powered only during the transmit interval because of the power
demand (100 to 200 mW). Since the emergency code keyboard is controlled by the micro-
processor, it will be necessary to apply power to the processor when a key is pressed. The 4-bit
emergency code must also be stored in an external latch.
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Figure 3-10. Oscillator-l\{ulﬁplier-Ampl_iﬁer Concept

The general operating sequence will be to execute all instructions necessary to produce the
desired data message and to store these bits in the random access memory each time a
transmit-start pulse is generated. The message bits will be transferred to the UART on a demand
basis until the complete message is transmitted. The power Iatch will then be reset. The sequence _
will repeat each time a transmit-start pulse is generated '

Other approaches to implement the ELT/EPIRB logic are available in addition to the three
described in this subsection. The choice depends primarily on economics, which may change with -
time. It may be that the microprocessor provides the best choice initially when production
quantities are small or for the experimental demonstration phase. However, the custom chip may
provide the best approach later when quantities justify the higher tooling cost. -

’:3 2.5 RF ercmt Conmderations

o tand

The 406 OS-MHz cutput 51gna.[ from the- ELT/EPIRB can be generated in several ways.. Two ‘
of the most feasible techmques are the classical oscxllator-multlpherwamphﬁer concept and the v
power oscﬂlator concept as shown in F1gures 3 10 and 3 11, :

P
e RTINS R A

f“’."‘ s

The oscxllator-multlpher-amphﬁer concept is stralghtforward and starts Wlth a crystal oscﬂ-" '
lator at one-fourth the output frequency (101.5125 MHz), which is subsequently multiplied by
. four and amphﬁed to a 2.5-watt output. The antenna gain of 3 dB results in an ERP of 5 watts.
Modulation is provided by a phase modulator at 101.5 MHz. Modulation ‘could also be:done by S
frequency shift keying (FSK) the crystal osclllator
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Figure 3-11; Power (')'scillvatp'r Concept -

The power oscillator consists of a phaselock loop that generates a 1-watt, 406-MHz signal
from a 25.378-MHz reference oscillator. The output of the phase-lock loop is then amphﬁed and
filtered to provide the required 2.5-watt output. Modulation is provided by frequency shift

vkeymg the 25-MHz crystal oscillator.

Both cancepts have advantages and dlsadvantages, with the power—oscﬂlator concept being

“the simplest and lowest cost approach. Both of these concepts are discussed in some detail below
so that an insight into the design problems may be obtamed However, before starting these
discussions, a bnef review of the MSK concept is given.

32 5.1 Madukmon Coucepr

A As dzscussed in Subsectmn 2 9 the use of MSK modulatlon is recommended for the

ELT/EPIRB because of its marrow spectral occupancy. MSK modulation is in reality FSK with a

.~ modulation index of 0.5 and with the bit rate coherent with the carrier. It can. be shown® that

' '=the resulting signal can be visualized as a contmuous~phase FSK S1gnal orasa phase-modulated" -
signal with the phase linearly -advanced or retarded by 7/2 radians during a bit interval.
Figure 3-12 is a map showing which paths the phase can take. Note that at odd bit intervals the _'

~ phase is always a multiple of /2 and at even bit intervals the phase is always a multiple of w. -

The advantage of MSK from a spectral content is itlustrated vmdly in Flgure 2-12.

3Texas Instruments Incorpumted A Study of the Apphcanon of MSK Mudu]atlon and- Clurp-Z Tr.'msfonns to Data Coﬂectmn,

"'Fmal Report, NASAIGSFC Contract NAS 5-2250%, October 1975,
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. d
The use of Manchester encoding of the : é
NRZ data (before MSK modulation) is ' . 2
recommended in Subsection 2.9 in order to 1o
ease the bit synchronization process in the _ e E
satellite receiver. Manchester encoding of the ' . _
data results in the phase map shown in ’ # ' W ’
Figure 3-13. The phase is advanced or A
retarded by #/2 radians during one-half an 47— ' : {
NRZ bit time, depending on whether the @ .
Manchester data is a 1 or a 0. Note that the 2 A sk
maximum phase excursion from the starting 2 ' t 1 7 ' _
phase is +/2. In contrast, the phase of the € 0 1I ) | ) é E,S?.-'Q'RVALS) T
MSK signal using NRZ date (Figure3-12) § | : A
grows without bound. A compatison of the E 2 N _ . _ o
effect of the two data trains (NRZ and r — - N S T
Manchester) on phase shift is shown in , i k
Figure 3-14. NOTE: THIS PHASE '
_ P SHOWS POSSIBLE o T
. : : PATHS PHASE MAY TAKE. ' _ : 1-': .
The trae MSK signal as defined above RHOAREAY HETARD OR NS
can be coherently demodulated with the DIRECTIONS SHOWN OEBENDING 5
achievable E/N, performance being virtually o - i
equivalent to that for phase shift keying © 209109 ' : (S
(PSK). This level ~f performance is required : o
for a system using geosynchronous satellites. Figure 3-12. Phase Versus Time for MSK Signal -NRZ Data ]
However, for the polar orbiting satellite ;
‘ system, considerable margin exists in the RF ' ‘
link and an FSK form of modulation can be used. As long as a deviation ratio of 0.5 is _ %
i maintained and the FSK is phase continuous (no phase discontinuities at bit transitions), the ‘ |
S signal spectrum is identical to that for MSK. This has been confirmed experimentally at Texas o
e Instruments on NASA/GSFC Contract NAS 5-23599. _
This fact makes it possible to use simple modulators to produce the FSK signal. The i} |
simplest modulator would use a small (fractional plcofarad) varactor to deviate the 101.5-MHz
-
4
: g : . - . : L=
| E o : : —3 t (BIT INTERVALS) ) -
B e 1 2 3 4 5 6
209110 ' ' S I LT [
- Figure 3-13. Phase Versus Time for MSK: Signal--Manchester Data - v
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Figuze 3-14. MSK Signal Comparison of Phase Versus Time for NRZ Data and Manchester Data

crystal oscillator (Figure 3-10) by only £16 Hz. The modulation could als be accomplished by

- the use of an RF phase shifter after the 101.5-MHz crystal oscillator, where the phase would be
linearly retarded or advanced by /2 radians during one bit interval (Manchester). Both of these
modulators are simply realized and are duscussed further in the following subsections.

CET)

. . §1 ]
3.2.5.2 Osczllator-MuItrplzerAmpkﬁer Concepr . R . L 3

As shown in Figure 3-15, the major elernents of the oscﬂlator—mult{pher—amphﬁer are thé
; followmg

Crystal oscﬂlator (101 5 MHz)
Modulator

A
i
:
H
i
P
Lo
i

3-17

e B




' 101.5-MHz power amplifier
X4 multiplier
406-MHz power amplifier. _
In addition, the battery voltage will be regulated before being supplied to the crystal = " ;
: oscillator. Power will be switched to all other RF circuits by a solid-state switch in order to take ; l
- full advantage of the low transmitter duty cycle. Each of the major elements is discussed below. vt ‘
13.25.2.1 Oscillator ib
The oscillator is the most critical circuit in the ELT/EPIRB, Its stability performance is key i :
' to the position location accuracy achieved by the overall system. S
wh

An oscillator circuit suitable for use in the ELT is shown in Figure 3-16. It is a field-effect —
transistor (FET) oscillator followed by a grounded-gate amplifier stage for load isolation from Ap
the remainder of the amphﬁer chain. The supply voltage to both these stages is supplied through oh
an integrated circuit regulator selected for low power drain, good performance, and low cost.

The oscillator uses an  FET for theé good noise pert‘ormance typical of that device. In
addition to good AM and FM noise performance, an FET oscillator does not squedge or jump to ]
unwanted crystal overtones as easily as one using a bipolar transistor. The oscillator has the . TE -
crystal in the source circuit and has variable capacitors for adjusting the impedance présented by ki
the following stage. A variable capacitor is also used to adjust the feedback voltage presented to
the crystal to account for unif~to-unit variations in the crystal parameters. .

The buffer amplifier following the oscillator stage is a grounded-gate FET design. The input
impedance of this stage is high and therefore reduces the impedance transformation ratio -3
necessary to match the high impedance drain circuit of the oscillator. The isolation provided by :
this stage and the pad following it will help reduce frequency modulation caused by impedance °
variations of the phase modulator, and the succeeding amplifier is slightly overdriven so that its
RF power output will be constant as the oscillator power output varies because of temperature
changes. The next amplifier stage will thus be provided a constant RF drive level over tempera~
ture extremes to stablhze the amphfier/mulupher chain performance. "

101~MHZ o 40 6—MHZ A
PWR o PwWR |
. —1 KNAMP JAMP ) . :
CRYSTAL PHASE : ST I o o [T
OSCGILLATOR [77] SHIFTER: | vuLFiPLies ' = :

BATTERYV__ | .VOLTAGE - S bower
sSUPPLY 1 REGULATOR | SWiTCH

Figure 3-15, Major Elements of the Oscmatox—MulﬁpliereAmpliﬁ'ér Concept ) ‘i
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Figure 3-16. 101.51250-MHz Crystal Oscillaor -

In addition to the electrical design considerations just discussed, the amplifier will be
grounded to its shielding cavity and will have B+ filtering to prevent the multiplier or power
amplifier from generating ncise curtents in the B+ or ground circuits of the oscillator. Careful
packaging of the oscillator will be necessary to prevent shori-term thermal gradients and
attendant frequency drifts. When the ELT is designed, considerable effort will be requlred to
ensure stability and reproducibility.

' 3.2.5.22 - Modulater

As previously discussed, two low-coét modulator téchniques are -suitable for the ELT/
e .EPIRB the FSK modulator and the phase shift moclulator

The FSK modulator can easily be 1mplemented by addmg a varactor circuit to the crystal :

_ oscillator as shown in Figure 3-17. The input data would be a positive voltage for a logic 1 and a
zero. voltage for a logic 0. This data input voltage is attenuated and - then apphed as bias to

varactor CR1. The change in voltage caused by the data varies. the bias voltage on the varactor

and results in a change of capacitance to ground on the FET drain. A fractional picofarad
- voltage-variable capacitor will produce the desired FSK of 16 Hz at 101.5 MHz. Subsequent

multiplication by 4 results in a ‘déviation of 64 Hz at 406 MHz, which is proper for @ deviation

. ratio of 0.5. Continuous phase operation (dunng blt transitions) is prov1ded by the h1gh Q of the
crystal
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Figure 3-17. Crystal Oscillator With Added Cosmponents for FSK Modulation

. The FSK modulator is very simple; its only drawback may be that it can possibly degrade
the crystal oscillator stability. However, it is believed that the small deviation required (£16 Hz)
will not degrade the oscillator’s inherent stability.

. An alfernafe modulator can be made using an RF electronic phase shifter. These devices are
commercially available and consist of a quadrature hybrid in conjunction with an inductor
capacitor (LC) network to produce phase shift. Varactor diodes are used in the LC network so

that a dc bias voltage can be used to.vary the capacitance and, in turn, produce phase shift.

R Figure 3- 18 shows the componerts of the phase shifter.

~ The phase shifter can be designed 'for use in the 101.5-MHz chain er_ in the 406-MHz cham
- of the transmitter. However, ‘the optimim. frequency is the lowest possible for the least phase

'shift. Placing the phase shifter at 101.5 MHz reduces the total phase shift requirement to only -

one-fourth that required at 406 MHz. As discussed in Subsection 3.2.5.1, the required phase shift

is #w/2 radians, or 90 degrees at 406 MHz The phase shift at 101 5 MHz is only +1r/8 radlans, or

329, 5 degrees.

As shown in Figure 3-19, the tramsfer charactenshcs of a typical phase shifter are linear on

. the lower portion of the curve, The required £22.5 degrees of phase shift can be accomplished
by dnvmg the phase shifter with a ramp of voltage that linearly increases for logic 1 data and
decreases - for logic 0 data. The slope of the driving waveform would be such that it would

- produce a phase change of 22.5 degrees in one bit time (Figure 3-14). A phase shift of

© 22.5degrees’ can be obtained with” an input-change of less than 2v01ts so - that ' the 8volt
regulated supply voltage can be used to power the dnvmg c1rcu1ts
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The phase shift modulator has the advantage over the FSK modulator of not distﬁrbing

Figure 3-18, Phase Shifter

crystal oscillator stability. Its main disadvantage is that it is slightly more complicated.

Both the FSK modulator and the phase shift modulater can be modified to produce true-

 coherent MSK by derivirig the bit clock from the 101.5-MHz oscillator output. This can be done
by counting down the 101.5-MHz oscillator, by using high-speed logic, to the bit rate clock
frequency Smce thls counter has to be powered only during the transmitter on-time, the average
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power consumption would be only a few
milliwatts.

3.2,5.2.3 VHF Amplifier .

The 101.5-MHz VHF RF amplifier

provides amplification of the signal from the
phase shifter and drives the X4 multiplier.
Three common emitter stages (iwo class A
and one class C) will provide an overall gain

of over 30dB and a drive to the multiplier.
‘of approximately 1.375 watts. To ensure sta-

bitity, RF pads will be used at the input of
the amplifier and between the output stage
and the multiplier. Adjustable comporients
will be used as necessary to allow rapid
alignment of the amplifier to account for
production tolerances and to minimize test

costs. RF. feedback will' be incorporated-to -

stabilize the transistor parameters as fem-
perature or signal levels are varied and to

-.account for transistor production tolerances. .

3.2.5.2.4 Frequency Multiplier .

- The frequiency multiplier multiplies tie ‘A

 101.5-MHz signal to the transmit frequrncy

Figure 3-19, Typical Phase Shift Characteristics

of 406 MHz. The most straightforward iype

321




of multiplier is a step recovery diode, which is used extensively and is economical and reliable.

As shown in Figure 3-20, isolation between the basic X4 multiplier and adjacent circuits is -

achieved through the use of 2-dB pads at the input and output ports. These pads are necessary
to prevent parametric oscillations between the multiplier and the VHF amplifier on the input
side and between the multiplier and the bandpass filter on the output side. The last circuit
making up the multiplier is a bandpass filter used to reduce the unwanted multiplier harmonics.
It will use high-Q parts for low loss and stability and will have two adjustable capacitors so that
it can be rapidly ahgned The output power wﬂl be approx1mately 0.17 watt to the UHF power
amphﬁer o o ‘

At Texas Instruments, a multiplier such as this has been tested from —55° to +100°C with
good performance resulis. The keys to the stable performance were the proper choice of
component types and component values, proper circuit layout and grounding, and the padding
used to prevent parametric oscillations.

3.2,5.2.5 UHF Power Amplifier

The output of the frequency multiplier is amplified by the UHF power amplifier to provide
the output transmit Ievel.

This two-stage amplhfer has an RF pad between the ﬁrst stage and the output of the

multiplier to achieve RF stability and prevent generation of spurious signals. It is followed by -
bandpass filter to reduce the second harmonic power levels to meet the ELT requirements of
—50dB for spurious signals. The power transistors used in these two Stages are operated in stress
regions where they will accept infinite VSWR loads. Common emitter configurations are incor-
porated for RF stability and fo reduce the generation of spurious signals caused by load and
temperature variations. These last two design. considerations will ensure stable, reliable operation
in the ﬁeld and will prevent the transistors from being stressed during factory alignment.

These stages are operated Class C for maximum power supply efficiency and a switched B+
- is supplied to the transistors to prevent any chance of oscillation caused by extreme conditions
in the field. Without a switched power supply, even a Class C amplifier can be made to oscillate
with a high VSWR load after it receives a pulse of signal to start RF currents in the circuits, This
oscillating condition would rapidly drain the batteries in the ELT/EPIRB.
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. Figure 3-20. Times-Four Multiplier Block Dingram

a

AMPLIF’! ER




-

.

3.2.5.3 Power Oscillator Concept

“The power oscillator concept has been previously mentioned as an alternative technique for
the ELT/EPIRB (Figure 3-11). The 406-MHz signal is derived using a PLL that is locked to the
16th harmonic of a reference crystal oscillator at 25.378 MHz. ‘Modulation is provided by
operating the crystal oscillator as-a VCXO and deviating it only +4 Hz. Operating the crystal at
25 MHz, as opposed to 101.5 MHz, should result in a more stable and producible oscillator.

The phase-lock loop (PLL) can use readily available integrated circuits for the VCXO, the
divide-by-16 circuit, the phase detector, and the loop filter. These circuits are now available from
several manufacturers. Power to all PLL components would be switched off between trans-
missions. Power to the 25-MHz VCXO would be left on contmuously

The output of the PLL would be at a substantlal 1-watt power level at 406 MHz elunmatmg 7 ;
the frequency multiplier in the other concept. Amplification and filtering of the signal would be S
accomplished as before but only one Class C UHF power amplifier stage would be required. :

' The advantages of the power oscillator are summarized below:
Improved crystal oscillator stability o _ _ S

" Better power stabilify over time/temperature ST B 3
Fewer parts o |

epesas!

Less assembly time _ - : - o S ‘

”“* ' Less ahgnment time
L Lower cost
i Potentially lower power consumption and increased battery life. ks
L -
- The disadvantage in using the power oscillator concept is that it may be more difficult to
rem reduce the noise close in to the carrier because of the high multiplication rate. However, the -
i design of similar power oscillators for radar equipment has shown that reduction of close-in noise

is possible.
H!: It appears that the power oscillator has.

AR the advantage over the osclllator-mulnpher-

L amplifier concept. In order to make a choice, '
~both approaches need to be de51gned and . e b
% tested. ' R Pl T T . S :

3.2.54 1214 MHz Beacan | _ | o _ Y7 ) 1 ‘V
A shown in FlgureB-Zl “the 15-mW': Lo ..ilﬂlq’;"-m
beacon transmitter will consist of a crystal’ : 121, 5-mnz | b
oscitlator and a buffer amplifier. Power for (R_Egm_g-rg%‘)'"'ﬁ‘ oA T ;
. the oscillator - will. be- obtained from the. [ IVERCESEAS

8-volt regulator used in the main ELT/ =
~EPIRB transmitter section. 209118

Figure 3-21. Beacon Tsansmitter Block Disgram
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sealed operatron

The circuit will be almost identical to that for the 101.5-MHz crystal oscillator with FETs

being used for both the oscillator and buffer. Since no frequency multiplication is involved, very
little filtering of the output will be required.

Power will be applied continuously to the beacon, Because of the low (15-mW) power
output level, the power consumption is quite small, but it is still an appreciable part of the tofal
power consumptmn.

32. 6 Power Consumption Estnnates

As prevmusly mentioned, the battery pack. for the ELT/EPIRB will consist of five lithium
D-cells in series for the RF circuits. Power for the logic IC will be provided by a separate lithium

cell. Since the logic power consumption is very low, a D-cell with a rating of 3.5 ampere-hours
(AH), at —40°C will be more than adequate

In the RF cn'cmtry, power must remain. o the crystal oscﬂlator and its buffer contmuously
in order to achieve stability. Although the power consumption of the oscillator and its buffer are
small (24.5 mA), this power is only approxrmately one-half the power . consumed by the

- ELT/EPIRB.

“Tables 3-3 and 34 contain the power estimates for the two ELT/EPIRB concepts. Power

consumption is broken down into two categories, continuous load and switched load. The duty

eycle of 1in 40 is used to adjust the switched peak current to an average current.

Discussions with lithium battery manufacturers show that the rating of the 10 AH D-cells at

- the peak current of approximately 1.0 A should be considered to be 6 to 7 AH at +25°C and

only 3 to 4 AH at —40°C. At +50°C, the ratings are between the +25° and —40°C ratings.

 Hours of operation are obtained by dmdmg the AH rating by the average load current at-

+25°C. The operating time for both concepts exceeds 100 hours. At —40°C, both concepts have
about 70 hours of operating time. Keep in mind that the above estimates are conservative; with

~40°C.

careful demgn the power consumption can be lowered and the IOO-hour goal met even at ,

3.27 ELT/EPIRB Packaging

"In keeping wrth the consmleratlons of rehablhty, performance stablhty, and low cost the

ELT/EPIRB must be packaged in a rugged, but not expensive, enclosure. The case must be

~ sturdy enough to survive shock environments and unpervmus to corrosxon from the lithium

- batteries. A separate battery compartment must be, provided in- order to 1solate the PCBs from
. the batteries and rrummrze corrosmn :

Wlﬂl the advances over the past few years in plasncs the use of a polycarbonate plastic - -
... such as nylon appears most appropnate for the ELT/EPIRB case. A plastic case’ can be molded

in two or three parts at a mmxmum cost and provide a sturdy, durable enclosure

B In_those cases where a keyboarcl is included; the keyhoard will be on the top Surface- of the =
" enclosure. An adhesive ‘metal background such as those in use for low-cost calculators can be

used fo label the keys. The keyboard area and other opemngs can be confi gured to prov:de
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TABLE 3-3, ELT POWER ANALYSIS-0SCILLATOR-MULTIPLIER-AMPLIFIER CONCEPT

L Continvous Load (all currents in amperes)
‘s’ } e o v _ Regulator - 0.0045
{t Qscitlatorfbuffer 0.0100 :
. Beacon oscifiator/amplifier 0.0100 i
~  Total 00245 '

L ' ' ) II,"  Switched Load
Qutput amplifier 0.560 L
Driver 0.156 :
- Amplifiers ’ 0.236 ) )
Power switch’ ' 0.100 .
Total 0952 : : oy

07905 2. 0.0238 ampere.

~m
! v
bl o v . . . : Average current =

. ' I, Qperating Time
) Total average current = 0, 0245 + 0. 0233 0.0483 ‘ampere
(..J

B . . R ‘Battery rating.
. ' ‘ At #25°C 6107 AH (6.5)
ol : At -40°C  3to4 AH (93.9)
ol Operating time ' ’ L

_‘" SN e Atz = 2280 g0 6 hours S ' o

0.0483 A

= ',;3.5AH__- -
ST L Af“‘“¢“0‘0483A—_72.5hou:s

TABLE 3-4, ELT POWER ANALYS]S-—POWER OSCILLATOR CONCEPT » o 5

L Contmuous Load (all cunents in amperes)
Voltage regulator 0.0045
VCX0 0.0100
. Beacon oscillator/amplifier . .0.0100
. Total © 00245

1L Switched Load.
Output amplifier 0.560
veo O.ZS'U_ :
16 . 0.060
Bhase detector _ 0.040
Loop fitter =~ . .. 0.020
- Power switeh. - - 0:100
Total : 1.030

Averagecurrcnt"%’“ﬂ.ﬂ!ﬁ ampere - D e e e s

I, Opcratmg Tune
: Total ‘average chitént = 0, 0245 + 0 026 = 0.0505 ampere
Q peratmg tlme

. | P g e LT e e T
< : B . £ = ————— N .
0 o o At 25° C 00505 A 128.7 hours

o 35 AH _ S
At 40CH00505A 693h0uxs = S e DR
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Printed circuit boards wﬂl be used for the logic and RF circuits for 'the ELT/EPIRB. Two
VPCBs are envisioned: one for the power amplifier and one for the other functions.

Figure 3-22 shows the two PCBs. The figures i a cross-sectional view depicting the two
housing cavities separated by a wall for RF isolation. The cavity containing the logic, the
oscillators, the low-frequency amplifiers, and the multiplier is separated from the high-frequency
power amplifier cavity to provide shielding so that low-frequency subharmonics are not radiated
at the high-frequency port. Some additional shielding may be required between the beacon and
the 101-MHz oscillator and multiplier. If so, an additional wall may be riveted to the oscillator
cover. Figure 3-22 also shows the PCBs on which the circuit components will be mounted. The
use of stamped aluminum parts that can be assembled quickly and PCBs that provide inter-
connection paths ensures inexpensive paris and lowers the cost of mounting the top assembly

parts. Flow solder techniques will be used during the PCB assembly process to reduce test times
and labor costs _ _

The ELT/EPIRB should be approximately 5 by 5 by 6 inches in size and weigh approx’-
mately 3 pounds, Units w1thout a keyboard would be shghtly smaller (5 by 4% by 6 mches)

32.8 EL‘I‘/EPIRB Costs

Low cost for the ELT/EPIRB is one of the key goals in the search and rescue system where
voluntary use of the transmitters is anticipated. With considerable design effort, the ELT/EPIRB
can be optimized for producibility and low cost and still maintain the required level of
performance. The list of steps to minimize labor is almost endless but some of the most obv1ous

- are as follows

PCBs with as many mductors printed (part of the etch) as possnble
Flow solder

Molded case paits
Automated test oquipmont A

Integrated circuits used where possible.

A brief analysis of both the ELT/EPIRB concepts was done assuming that 10,000 units

would be built in 1 year. It was also assumed that a pilot production run had already been .
completed so that all design “errors woild ‘be corrected -and assembly amd test procedures

optimized. The keyboard was assumed to be included. Deletion of this feature would save a few
dollars. Amortization of preproductlon costs was not mcluded m the estlmate

" The cost estlrnates should be treated only as rough estlmates In 1977 dollars the followmg

cost estimates (actually sales prices) resulted:

Oscillator-multlphot-q_topliﬁer. . $400-500 -
Power oscﬂlator o _ $300-450

" These prices may vary dependmg on the manufacturer 5 overhead/pncmg structure as well as the N
- __dlstnbutlon arrangements. B : : = : '
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Figure 3-22, RF Module Cross Section

In summary, a conservative design estimate has shown tnat the price of the ELT/EPIRB
should be in the $300 to $500 range. With rigorous design, the complexity of the ELT can be
reduced resulting in even lower costs.

3-27/3-28
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SECTION 4
SPACECRAFT EQUIPMENT

The type of equipment to be used on board a satellite for detecting and locating ELTs and
EPIRBs is a function of the type of satellite and the amount of signal processing to be done by
the satellite. If no onboard processing is to be done (i.e., “bent-pipe” technique), the satellite
equipment reed be little more than a transponder systern. The satellite would receive the
bioadband spectrum of emergency transmissions, {ranslate them to another frequency, and relay
them 1o a ground station. The safellite position and time information would also be transmitted.
The entire signal processing would be accomplished on the ground. The major disadvantage of
this technique is that the ground station and the ELTs/EPIRBs must be mutually visible. Such a
restriction precludes worldwide coverage with a low-orbiting satellite, Therefore no further
discussion of the bent-pipe technique is included in this report.

The equipment required for the low—polar-orbltmg satellite system is not the same as the

equipment required for a geostationary satellite systern For example, it is not possible tfo use a -
doppler technique for the peostitionary satellite system. Conversely, it is not practical to tise an -

interferometer technique for a low-orbiting satellite system. For reasons such as these, the
equipment requirec_i fo_r each type of satellite system is considered separately in this section.

4.1 LOW-POLAR ORBITER SATELLITE EQUIPMENT

The use of satellites in low near-polar orbits in a system for detecting and locating
emergency transmitters is discussed in Section 2. The only positioning technique that appears
reliable for this system is the differential doppler method used on the random-access
measurement system (RAMS). A block diagram of the satellite equipment is shown in Figure 4-1,
The receiver block represents the circuitry that accepfs the signal from the antenna, filters and
amplifies the desired signal, converts the received spectrum to an IF spectrum, and provides a
broadband AGC function. The receiver performs the RF and IF signal-processing function.

The search and assignment circuity is basically a spectrum analyzer. The incoming 'received_.

spectrum (100 kHz) is analyzed to determine the frequency of any signals contained within the
bandwidth of interest. Once a signal is detected and its frequency determined, the assignment

‘logic finds an. available phase-lock loop (PLL) receiver and slews its VCO to the approximate

fréquency of the detected signal. The search function can be implemented by at least two
methods.

The PLL receivers are essentially phase-lock loops that lock to and track the- 1nconung ”
signal. Once phase lock is established, the signal cari be demodulated. The resulting data are

available for further processing. In addition, the exact frequency of the received signal is

. determined by precisely measuring the frequency of the PLL VCO. The frequency and time data

are combined with the recovered: data, properly formatted, and returned to an earth station.

The data recovery circuitry is dependent on the type of data chosen to be transmltted by

an ELT or EPIRB and the type-of data to be retirned to earth. The basic function of this'

circuitry, however, is to properly 1dent1fy the transmrtter and its ‘emergency code and combine
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Figure 4-1. Generalized Block Diagram of Common Satellite Receiver and Data Recovery Circuitry

this information with the corresponding frequency and time measurement for relay to a ground
station. A major function of this circuitry is data compression.

A final requirement of the satellite equipment is to provide for reception of emergency

beacons orciating on 121.5 MHz and 243 MHz. (The details of the equipment requirements for .
¢ this function are discussed in a separate study.) This reception requirement is necessary to o
provide ELT detection for current ELT designs. A very general discussion of this equipment is
i given in Subsection 4.1.6. The emphasis is on the relationship of the 121.5/243-MHz equipment T 1
to the 406-MHz equipment. e :
L3
4.1.1 Receiver T

‘ The receiver block diagram is shown in Figure 4-2. The purpose of the receiver is to
translate the 406.0- to 406.1-MHz spectrum to a baseband spectrum of 0 to 100 kHz, of which 7t
only 6 to 94 kHz will be processed. (The baseband spectrum is required by the search circuitry
for maximum frequency resolution.) The receiver uses a dual conversion process to reach
baseband. However, tiie output of the first IF is used by the PLL receivers. The system T}
performance requires a minimum 3-dB noise figure for a geostationary satellite system. A 3-dB

noise figure was also assumed for the low-polar orbiting satellite receiver, but this is not an
absolute requirement.

The RF preselector and preamplifier accepts signals from the antenna, provides some gain £
for the desired signals, and attenuates undesired signals {especially the image frequencies). The
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Figure 4-2. Satellife Receiver Block Diagram

b
¥ - design of the preselector and preamplifier cireuitry is critical since it will determine the noise

?E figure of the receiver. In addition, the design must provide a wide linear dynamic range; i.e., the
o preamplifier must not introduce any 1ntermodulat10n distortion products over the range of sxgnal

levels presented to the amplifier. :

{a The frequency translation must be done accurately so that the doppler shift (measured by

oo the signal processor after the conversions) can be acourately determined. Therefore, the local

i ;T" oscillator injection signals should be derived from a common stable source. This implies some

zf,, type of frequency synthesis for LO signal generation. Four such signals are needed. The

L _ﬁ:equenmes chosen should provide good image signal rejection and a practical IF bandpass filter

f ﬁ“ capable of good- selectivity. The mixers should produce very low cross-modulation components

i and should have good noise figures.

The. first IF amplifier should. have a bandpass sufﬁcxent to pass. the entire  100-kHz
ELTIEPIRB spectrum but reject all out-of-band signals. It should - also ‘have: variable * gain-
‘capability, yet produce very low intermodulation distortion. The total gain control should be a
minimum of 30 dB, and preferrably 40 dB. The gain control voltage is derived by the automatic
gain -control (AGC) detector/amplifiét circuit. The time constant should be selected to provide -
operation consistent with the overall receiver-processor design. The general design should have a~
fast:attack, slow-release characteristic, but the time constant should not permit a change in gain

- over at least two analyzing periods. .
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_ The second mixer should have basically the same characteristics as the first, but it must L§; :
have low intermodulation distortion with the input levels expected from the first IF amplifier.
: This mixer design can be critical in determining the maximum dynamic range of the search unit, oy
i particularly if the output level of the first IF is high. (For this reason, the output level of the VE :
: first IF should be kept low.) The total intermodulation products produced in the receiver should
not exceed —40 dB with respect to the maximum expected desired signal output, or the search -

unit will “find” numerous false signals.

" The second IF amplifier should have low intermodulation distortion, high gain, and good
rejection of the higher mixer products. While this circuitry has been termed a second IF, it may e
be considered a baseband amplifier. The amplifier should have flat gain over the range of 6 to =
94 kHz. The combined bandpass characteristics of the two IF amplifiers should produce a
miinimum attenuation of 40 dB for output frequencies above 100 kHz.

The first IF output of the receiver should provide a low source impedance and a moderate
signal level capable of driving the required number of phase-lock receivers. As an alternate,

multiple outputs may be desirable. The second IF output must interface with the search unit. <
The key parameter for the entire receiver design is linearity. The first receiver gain stage must be ]
optimized for good noise figure, but the remainder of the circuitry (particularly the mixers) must
be designed for good linearity to prevent the generation of false signals. e
4.1.2°  Search and Assignment Circuitry o it

The circuitry that detects the presence of signals and provides a coarse frequency :
measurement of these signals is basically a spectrum analyzer. As briefly discussed in Sub- B
section 2.9.1, there are two basic techniques for implementing this function. The chirp-Z
transform approach is described in general terms; a detajled description of this method is

presented in this subsection. The second practical approach, the time compression spectrum s
analyzer method, is also described. _ A o ; L

The RAMS used the time compression spectrum analysis technique. This approach obtains 3
samples of the time domain baseband received signal spectrum, stores a sufficient number of : L
these samples to provide the required resolution and bandwidth, and recirculates the stored -
samplés at a much higher rate than the rate of acquisition. The resulting signal is compressed in 5
_ time and expanded in frequency, enabling the spectrum analysis to be performed at a higher F
ol frequency and in a correspondingly shorter time. Ideally, the time compression should be o

n _sufﬁment to. enable the analysis to be accomplished in real time, i.e., the analysis cycle should
‘occur within the period of one sample acquisition time. For the resolution of the 100-kHz
spectrum into 250 spectral components, this time is 2,5 ms. This means that the ratio of
( acquisition time to analysis time is 250:1. Since the sample rate must be approximately 300K

L samples/second, the output word rate must be 250X 3 X 105=7.5X 107 or 75 MHz. A 75-MHz
clock rate is possible but would require a prohibitive amount of power and board space to &
provide the logic necessary to store the 750 digital samples. A major problem would be the
cconstruction of a digital-to-analog converter (DAC) that would operate at 75 MHz. Therefore, it
s . seems. unlikely that a time compression ratio of 250:1 is currently realizable. A more realistic
R ratio would be 10:! or possibly 16:1. A compression rato of 16:1 would require logic speeds of

S approximately 5 MHz. Such a system using digital storage would require a DAC with a conver-
R  sion time less than 200 ns. For a dynamic range of 40.dB, the minimum word length per sample
i v would be 7 bits. For 256 spectral liries and a minimum samphng rate of 300 kHz, the amount of
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storage required is 768 seven-bit words or 5,376 bits. This is realxzable, but would require
substantial circuitry and board space. (In fact, the total storage capacity required is twice this, or
10,752 bits, since one set of registers must be reading data while another set is writing data.) The
digital approach also requires a sample-and-hold circuit, an A/D converter (ADC), and a D/A
converter (DAC). .

Another technique is possible using recent advances in analog CCD shift register technology.
This approach eliminates the need for the sample-and-hold circuitry and the A/D and D/A
conversions. It also eliminates the requirement for storing 7-bit words; instead, 768 analog
samples are stored in each of the two sets of CCD shift registers. This has the obwous advantage
of reduced circuitry and onboard space utilization.

Using either the digital storage or the analog storage technique to achieve a 16:1 time
compression ratio would require 16 samples to resolve the input spectrum into 256 lines. Since
the minimum sample acquisition time is the reciprocal of the resoluiion frequency, 1/400 Hz or
2.5 ms, the total time to analyze the 100-kHz spectrum is 16 X 2.5 ms or 40 ms. In order to
have two tries at detecting a signal, the minimum unmodulated carrier duration is 80 ms with
100 ms preferred. The spectrum analysis using 4 narrowband filter following a mixer with a
stepped VCO injection signal is the same for either system. A block diagram of the digital
storage system is shown in Figure 4-3; a block diagram for analog CCD storage is shown in
Figure 4-4. Both are for a time compressmn ratio of 16:1 and a 256-line analyzer.

7-BIT X 768 WORD
. SHIFT REGISTER
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Figure 4-4. Block Diagram for Analog CCD Time Compression Spectrum Analyzer for
Signal Detection and Channel Assignment Function e
4
The digital time compressor operation is discussed in more detail in the following T3
paragraphs. The input baseband spectrum is limited to dc to 100-kHz by the antialiasing lowpass _f_
filter. The filtered signal is sampled using a sample-and-hold amplifier followed by an 8-bit
analog-to-digital conversion. The sampling rate should provide approximately 3 samples of the -
highest frequency component, i.e., the sampling frequency should be approximately 300 kHz. ‘]

This provides 300,000 eight-bit words per second from the ADC. Of these 8 bits, only the 7
most significant bits are retained. (The use of certain window functions is desirable to minimize -
spectral sidelobes.) The output data are routed to a digital steering gate. For the position shown J
in Figure 4-3, data are shifted into the upper set of shift register memory elements. The registers

are loaded in word-serial, bit-parallel fashion. When 768 samples have been stored, the input is s
switched to the lower set of shift registers while the output is taken from the upper set of ‘E
registers. Figure 4-3 shows the output being taken from the lower registers. Since the output data

rate is 16 times faster than the input rate, the contents of the serial shift registers are circulated :
16 times. The digital words are applied to the DAC, the output of which is filtered by a lowpass }S
filter (LPF). The frequency-expanded signal is mixed with a VCO signal. The VCO frequency is 7
held constant for 16 samples of data. Following the readout of the 16 samples of stored data,

the VCO is stepped to a new frequency until the VCO has been tuned to 256 distinct ]gE
frequencies. The mixer output is amplified and filtered by a bandpass filter with a bandwidth of A=
6400 Hz. Any signal appearing in the passband of the filter above a predetermined threshold is

detected. The frequency of the incoming signal is determined and a PLL receiver is assigned. E
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The analog CCD time compressor shown in Figure 4-4 performs the same function, but in a
different manner. The baseband signal is frequency limited by a lowpass filter. The. filtered signal
is applied to either CCD shift registers 1 through 16 or to shift registers 17 through 32,
depending on the “position” of the analog multiplex switch. The signal is clocked into one set of
registers while data are read from the other set. Each CCD shift register must store 768 analog
samples, Sixteen such registers are required in each set because the data cannot be recirculated as
in the case of the digital data, The data is read out of a set of shift registers in multiplexed
fashion, i.e., the contents of register 1 are read out, then register 2, etc. The readout rate is
16 times faster Thus, the contents of all 16 registers are extracted from one group while 16 sets
of identical data are loaded into the other set. The ouipuf is filtered and analyzed in the same

- way as in the chgltal system

The chirp-Z transform approach is described generally in Subsection 2.9.1. The advantage of
this approach is the speed with which the spectral analysis may be performed. A measure of the

magnitude of each of 250 spectral components of the baseband can be determined in one

acquisition interval (2.5 ms). This is possible because of the parallel nature of the coefficient-
determining structure of the chirp-Z transform; a new coefficient is determined each time the
data are sampled.

A simplified block diagram of a chirp-Z transform spectrum analyzer is shown in Figure 4-3.
A simple antialiasing filter precedes the chirp-Z transform network which extracts 250 real

coefficients and 250 imaginary coefficients: The value of each pair may:be squared and added to .

represent the magnitude of any real frequency component. The spectrum is “scanned” once each

2.5 ms. The detection and assignment functions are the same as described for the time com-

pressor technique.

For low signal-to-noise conditions, the probability of detection can be improved by averag-
ing the magnitude of ensembles of data. Such a technique is useful for a geostationary satellite

‘where signal strength will be low. A block diagram is depicted in Figure 4-6. The frequency

magnitude coefficients are obtained by the chirp-Z transform network as previously described.
However, the magnitudes are digitized using the ADC. The magnitudes are divided by the
number of ensembles to be averaged. For binary numbers, this is nothing more than a shift

- register. The contents of memory (initially zero) are added word by word to the scaled outputs

from the ADC and the results returned to memory. This process continues until 16 measure-
ments (ensembles) have been averaged. Each memory location represents one average value for
each of 250. frequency magmtude components. The contents of memory are then extracted word
by word to ascertain the average magnitude. A d1g1tal “detector’ assigns a loop to frequenmes
that exceed certain predetermined values. Such a technique provides a signal-to-noise improve-
ment of 10 log N dB, where N in this case is 16. Hence, the improvement or enhancement is

‘12 dB. Such averaging is possible because each. analysis can be performed in only 2.5 ms. One

ensemble average can be performed in only 16 X 2.5ms or 40 ms. However, in order to

guarantee one complete ensemble average, the carrier burst must be present for at least twice this :
tlrne (80 ms) Thus, thjs system can easxly operate w1th a 100-ms unmodulated carner preamhle L

The four methods of lmplementmg the search and assxgnment functlon presented in this
section offer alternatives that are functions of the equipment design, technology development

and system application. Final selection will depend on the satellite. equipment. des:gn and the
"quality of the system desired as well as the state of the technology for the chirp-Z transfonn

method, While the single-ensemble-average chirp-Z transform tiethod requires only a 5-ms carrier
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Figure 4-6. Block Disgram for 16-Ensemble Averaging Chirp-Z Transform Spectrum Analyzer

preamble, it is recommended that a 100-ms (minimum of 80 ms) carrier burst be used to allow
the time-compressor approach and/or the ensemble averaging method to be used.

4.1.3 Phase-Lock Loop Characteristics

~The p'r'iinary function of the 'P'LL receivers is to provide singlé-channel selection for
individual ELT or EPIRB signals. The PLL approach provides the necessary frequency agility to
accommodate the random frequency and time characteristics of the system. The PLL also

~provides a convenient means for measuring the frequency of the received signal, thus enabhng
" the doppler shift to be determined. '

The use of MSK necessitates a modification to the PLL approach used on RAMS because of

- the basic difference in MSK and PSK. There are two methods of implementing this function, one
of which is a frequency-lock loop approach. For simplicity (as well as the mathematical
similarity of the loops), the circuitry will continue to be referred to as PLL receivers. The
frequency-lock approach uses a frequency comparator or discriminator followed by an integrator

to provide an effective phase detector with a steady-stae frequency error. The error can-be made :

arbitrarily small with sufficient loop gain. The second approach uses a PLL. for camer tracking
ancl a second PLL for demodulatlon

A frequency-lock loop cu:cult is dep1cted in Figure 4»7 When the search c1rcu1try detects a

signal and assigns a loop, the control line for the VCXO is grounded. This provides a nominal
Hmjectlon frequency to be mixed with the output of the digital oscillator. The nominal center

- frequency “of the VCXO must be sufficiently stable, -so’ that the error of the frequency output :

oo
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Figure.4-7, Frequency-Lock Loop De_mn'dt.ilatbt and Carrier Acquisition Circuitry

Weiea
]

. from the <N counter is negligible compared to 400 Hz, ie., the frequency error output of the
. +N stage should be less than 40 Hz. This restriction 1s necessary to ensure that the detected’
spectral component will fall within the passband of th: channel filter.

% 8

o ‘The difference frequency (digital oscillator and the VCXO/N frequency) is selected by an - s
| LPF. This difference frequency is mixed with an injection signal, shown as 29 MHz in Figure 4-7. D
o (This is not a final choice for the injection frequency, but rather a choice to illustrate the SN
U neighborhood frequency.) Either the sum or difference frequency is selected by a bandpass filter RS j
I ' (BPF), the choice depending on design details. This trafislated injection signal is mixed with the : IR
L 30-MHz IF spectrum. (The 30 MHz value is also an illustrative choice, not a final choice.) The L
- output of this mixer is the input to a channel filter with center frequency approx1mately 1 MHZ

’}!_; The bandwidth of this IF filter is approximately 400 Hz.

The 1-MHz filter specifications are critical. The center frequency stability must be
£0.003 percent at 1 MHz. This filter determines the channel bandwidth (400 Hz) and adjacent
channel rejection (the filter shape factor should be 1.2 at the 30 @B points on the skirt). Since
data are to be passed, the differential delay of this filter is an important consideration. This filter
is in a feedback system, so that the absolute delay and phase shift are important parameters, The
postﬁlter gain of. this: IF amplifier should be high.. (Thls 1s possxble smce cross—modulatlon isno
longer a problem ) .
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A final translation is made to a frequency suitable for performing the discriminator
function. The frequencies shown in Figure 4-7 are intended to be illustrative values, not a final
choice. The 100-kHz lowpass filter is noncritical, and is intended only to remove the higher
frequency rmxer components

Once the chscrumnator has derived a frequency error voltage the output of the loop filter is

connected to the control line of the VCXO. The VCXO frequency is then slewed until the
detected signal is centered within the passband of the 1-MHz IF and the. discriminator error
signal is near zero. This is possible since an integrator is employed in the loop, thus reducing the
steady-state frequency error of the VCXO to a few hertz. When the loop has acquired lock, the
loop bandwxdth is reduced to preclude data modulation of the VCXO frequency.

'I‘he LPF followmg the dlscnmmator removes the carrier component from the data. The
demodulated data are available at this point for data detection and bit sync recovery. The output
of the LPF is integrated and filtered to reduce the steady-state frequency error and remove the

" data modulation, respectively. The output of the VCXO is applied to a frequency counter which

precisely measures the frequency of the VCXO. This information is correlated with the digital
oscillator frequency to provide an accurate determination of the relative received signal
frequency. : :

The absolute frequency of the injection signals is not highly critical. However, the
frequency of all mixer injection signals (except the VCXO) must be phase-locked to a common

‘teference having good short-term stability. The digital oscillator clock must also be derived from

this source.

The physical size of the circuit is an important consideration since 12 loops are to be used.
The key design parameters have been discussed. However, to achieve the ultimate desired
capability, all design aspects must be evaluated and optimized.

4.1.4 Doppler Frequency Measurement

The low orbiter satellite determines position by accurate frequency measurement of the
receiver carrier. Since differential doppler is to be used, a small steady-state frequency error is
tolerable. However, the measurement error must not change over the period of one satellite pass,
approximately 15 minutes. In addition, since the doppler frequency is continually changing as a
function of satellite position, it is necessary that the precise time of the frequency measurement
be determined and that the rate of change of frequency over the measurement interval . be
essentially linear. These problems and their resolutions are now considered.

Figure 4-7 indicates that frequency measurement of the VCXO is to be made. However, this
frequency Tepresents only a difference frequency or fine frequency. The coarse frequency -
measurement is obiained from the search unit. Since the incoming signal spectrum is resolved

“into 250 discrete frequencies, each can be defined by a unique “bin number.” Hence, the coarse

frequency measurement can be represented by a single 8-bit binary number. This binary number

“is penerated by the search unit and represents a unique frequency, accurate to wrthm '+200 Hz

with respect to the reference clock.

The fine- frequency measureinent is derived from measurement of the VCXO frequency after

the channel demodulator achieves lock. The measurement inferval begins either upon recognizing
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frame sync or at a specified point in time following frame sync. The duration of the
measurement interval is selected as a function of the frequency of jitter imposed on the VCXO
signal. The frequency measurement determines the mean frequency over the measurement
interval. Thus, the longer the measurement interval, the more closely. the measured mean
frequency will approach the actual mean frequency. Any drift over the measurement interval will
introduce a bias error. However, if the drift is at a linear rate, its effects can be compensated for
by takiang the time of the measurement as that time corresponding to the mean time of the
interval. Therefore, the frequency measurement interval should be as long as possible, ie.,
approximately 500 ms for a message duration of 1 second with a 100-ms carrier preamble.’

The least significant digits of the VCXO frequency are the only ones of interest since the
frequency variations are small. (The maximum frequency variation is expected to be only £200
Hz.) Therefore, 9 bits are required for this measurement. These bits, combined with the bits for
the coarse frequency measurement, vield a minimum word length of 17 bits for the frequency
measurement information. However, practical constraints indicate that the frequency error from

the search unit may be as much as +600 Hz, thus requiring 11 bits of fine frequency information

for a total of 19 bits of frequency information.

_ The method of performing the fine-frequency measurement can assume various forms. The-
straightforward method involves measuring the rest frequency of the VCXO (control line

grounded) and measuring the VCXO frequency with the loop locked. The difference is a precise
measure of the fine frequency. However, this technique requires either the transmission of the
rest frequency information to the ground station or'a means of extracting the difference between
two numbers on the spacecraft. An easier approach to implement uses the system master clock
(which is phase-locked to the LO frequencies and search clock) to control the count interval of a
couniter measuring the VCXO frequency. Thus, the VCXO frequency is obtained relative to the
search-unit-derived coarse frequency, and the need to measure the VCXO rest frequency is
eliminated. In addition, since only the least significant bits of the VCXO frequency measurement
are to be used, the counter length needs to be no greater than the number of stages given by:

1, =log, 2048 + log, N7
=11+ 10g2 NT

where 7 is the measurement interval in seconds. (The product N7 must be rounded to the next

largest binary number if it is not a binary number.) If only *1-Hz accuracy is desired, only the

11 most significant bits are used.

As previously -stated, the precise time at which the mean of the frequency measurement

" interval occusrs must be determined. This time must be referenced to time used to establish

spacecraft ephemeris data that are collected and transmitted to the ground station along with the
frequency measurement data. The mean time of the measurement mterval is delineated by using
the next to the most significant bit of .a counter used to measure the count mterval 7; this
corresponds to a time mark at r/2. This time mark is used to fetch spacecraft time. The number
of bits required for time depends on how often spacecraft time is transmitted. If the spacecraft
time is transmitted once every minute via a separate channel, then the data message needs only
enough bits to fransmit time accurate to +0.01 second for up to 60 seconds. Tlus corresponds to

* 13 bits.
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The data clock recovery is shown to be implemented using a phase-lock loop approach. This
is not the only method that can be used but is certainly an attractive method for optimum data
detection. The design of this circuitry should proceed with the objective of rapid acquisition,

- small noise bandwidth, and minimum clock jitter, Although not indicated in Figure 4-8, it may
be desirable to inhibit the bit sync recovery circuit until the channel demodulator PLL receiver
has acquired lock. This approach would not only shorten acquisition time, but would prevent

-7
random clock pulses from creating undesirable results. The bit synchronizer should be able to LZ :
sense’ the correct clock phase since the bit sync code consists of an all-ls data pattern o
representing a sample of the data clock. =

The lock detector should compare the recovered clock- pliase with the incoming sample of B b
the data clock (bit sync code) and sense when lock has been established. A critical design [
parameter is-the time constant of the lock detector. If the time constant is too great, lock will } o
not be detected within the period of the bit sync code. If the time constant is too small, the S

probability of false lock increases. The lock signal is used to enable the frame sync recognizer to
initiate ifs search for frame sync.

=y !
:

 The. decoder. is nothing more than an exclusive-OR circuit followed 'by a single storage :
reglster The decoder combines the detected data and recovered bit sync to. produce NRZ data
that are shifted into the single register.

The frame sync recognizer can be implemented in numerous ways. It must, however,
simultaneously compare 24 bits of data with the known frame sync pattern. Frame sync will be
indicated when 22, 23, or 24 of the 24 b1ts check irue. The data wzll be checked once each bit

time unt11 frame sync is recognized.

Once frame sync is established, the next 76 bits of data are loaded into a buffer storage
register. The loading and unloading of data is accomplished using control logic which interfaces - "%
with. the output data buffer control. The extent of the control logic and the length of the buffer
register are, therefore, a function of the design of the output buffer. The phase-lock loop is
retained until all data have been removed, at which time it is released. -

To summarize, the doppler frequency measurement requires the determination of three
parameters. First, the coarse-frequency measurement is made directly from the bin number used rm
to assign the frequency of the loop. Second, the fine-frequency measurement is obtained from a
counter gated precisely by a signal derived from the system clock. Third, the spacecraft time of

day is fetched at precisely the midpoint of the ﬁne-frequency measuremert interval. These dafa B
consist of 8 bits of coarse-frequency information, 9bits of fine-frequency information, and R
13 bits of time information which are combined with. the received data in a suitable format for S

.. transmission to ground equipmient. This formatter is discussed in Subsection 4.1.6.

4.1.5 Data Recovery ) ) | o ok

The deniodulated Manchester data (Figure 4-7) from the channel demodulator must be
filtered and the bit sync clock extracted before the data can be converted to NRZ data. ke
" Following this conversion, frame sync can be determined and the desired information and parity - .. . ¢
. bits can be extracted. These bits are combmed with the doppler information for transmission to }
the ground equlpment

'4_1_'2
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Figure 4-8. Data Recovery Block Diagram

Figure 4-8 is a block diagram of the data recovery circuitry. The data detector is a matched
filter that also serves as a phasg detector for the bit sync phase-lock loop. The bit sync

“phase-lock loop extracts the data clock from the Manchester data. A lock detector senses when

the bit syne PLL is in lock; this signal enables the frame sync recognizer. The recovered. data
clock is combined with the detected Manchester data in the data decoder. The decoded data are
in NRZ format. The frame sync detector, when enabled, begins to check the data for frame
sync, When the frame sync pattern is recognized, the data buffer register’s input shift control is
enabled by the control circuitry. The enable is maintained for precisely 76 bit times. This allows
the 55 information bits and the 21 parity check bits to be loaded into the data buffer. When
this task is completed, the control logic signals that data are ready. A signal from the data
formatter/buffer initiates data transfer. Upon completion of data transfer, the control logic
releases the phase-lock loop channel demodulator for reassignment.

The data detector can be implemented using a reset integrator approach if the demodulated
data are essentially square-wave data. However, if the channel filtering alters the waveform
significantly, the detector may need to include a filter that equahzes the data waveform. Both
phase and amplitude equalization may be required.

4.1.6 Data Formatter/Telemetry Buffer

- Once the 76 information and parity bits and the 30 fréquency and time bits have been
compiled, they must be combined into a composite 106-bit message.* A typical format is shown
in Figure 4-9. If the data are to be identified on a word basis, then seven 16-bit words or
14 bytes of data would accommodate a message.

The telemetry buffer must store data obtained from each of the 16 phase-lock loop channel
demodulators. This storage must be sufficient to combine the 16 channels of data into a single
output data stream for storage andfor transmission. The maximum message rate is 16messages
per second. However, the average message rate will be well below this rate. Therefore, the

telemetry data rate can be reduced by having buffer storage sufficient to accommodate peak
loads. :

*The fine frequency or time may require additional bits, depending on individual system design.
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If the maximum number of transmitters
_in the field of view is 400, each transmitting . _
‘one message every 40 seconds, the average *MAY REQUIRE ADDITIONAL BITS
arrival rate is:
55 BITS 2t glo |13
. 400 Y e e el e SN ot
L= e—= 10 messages/second ' ‘ N =
40 Pt txm W e x
_ wzon 0a B Z>
. DLZ0 -0 mZ EU 5
- g o £36 iz Z
If the transmissions occur randomly in time, ‘;gﬁ ‘ ﬂfu og 2 -
their time distribution is a Poisson distribu- wos c u
tion. The Poisson density function is: 209128 ~a" w
( 0ﬂ,)x _ o - Figure 4-9, Telemetry Data Format for a Single. Message
f(x) = e~oT

The probability that k or fewer messages arrive in T ‘seconds is given by the cumulative
dlstnbutmn

k

p(x gk)= 2 f(x)

- x=0

For o= 10-and T = 1 second,

p(x 16) = 0.973

‘Hence, the ratio of peak~td?aVerége arrival rate is éqﬁal to or less than 16/10, 97.3 percént of the

time during any given second. Minimum buffer size is capable of storing six messages (16—10).
This assumes a service rate of 16 messages per second for a probability of service of 97 percent.
This minimum buffer size is predicated on a constant service rate of one message every 16 ms.
Obviously, if the period between services increases, the buffer size must also increase.

The above method of determining queue size circumvents a basic mathematical problem of
calculating the probability density function for the number in queue in a system having random
arrival and fixed service rates. Worksi'2, on queueing theory consider the worst case of random
arrival rates (Poisson distributed) and random service time (exponential time distribution). The

‘probability density function and the probability dlstnbutlon function. for the number, n, in

queue are respectively:
- p(m) =~ p)p"
p(n > N) = pN+1

!D.R. Cox and W.L. Smith, Queues, Methilen and Company, Ltd. (London, 1967).
*Phillip M. Morse, Queues, Iinventories, and Mainteiance, John Wiley and Sons (New York, 1962).
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where

p = afo = traffic intensity in erlangs

o = the mean arrival rate _ o o | .
" ¢ = the mean service rate. ‘ :

For a probability of 0. 027 that the number in queue is grea’rer than N, the value of N is found i _: -
to be: - ; N : o o S Pl
' log 0,027 ' '

log p

=668 T e

-1

Since M must be an integer, the minimum value of N is 7. This is only slightly greater than the o
value obtained for-a constant service timé. Therefore, for a traffic intensity (p) value of 0.63, the N
S buffer can be sized by assuming random service times. If a 10-message buffer is assumed, the

5 b probabﬂlty of accommodatmg peak demands is:

o ey
il §

il;  Hence, 2 1,024—bit output buffer eheuld be adequate. The buffer size was calculated on a service i |
rate of 16 messages per second. If each message consists of 14 bytes, the data rate is: '

”ser'vi'ce:.r.afe =16 X 14 X 8= 1,792 bitsfsecond =

Since the TIROS-N spacecraft has only .1,920 BPS of spare data capacity, the use of this data
“rate would leave only 128 BPS of spare telemetry capacity. Therefore, it may be desirable to. - - :
reduce the service rate and increase the buffer size. If the output data rate were reduced to i

.. 14 messages/second: (1,568 BES), then a residual spare telemetry rate of 352 blts/second would.:
be maintained. The buffer size is then:

- logp-

= 14,2 messages

-Such a system would requlre a 1600~b1t buffer, If a 2 048-1311: buffer is assumed then - : e
18 messages can be stored. The value of p is: e 7 7 : , T

5= log? {10g[1—119(n>18)]}

[

. =064 forp (n>18)=0.006 -
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The minimum service rate is:

c=afp
=13 messageslsecond
=1 456 blts/second

The TIROS-N telemetry channel structure consists of one major frame each 32-second
interval, Each major frame consists of 320 minor frames. Each minor frame consists of 104
eight-bit words. A minor frame is transmitted each 0.1-second interval. Therefore, 2 minimum of
18.2 eight-bit words must be transmitted during each minor frame. This corresponds to
1.3 messages per minor frame. This does not provide an easy means of formatting the data since
the meassage should correspond to an integral iumber of bytes of data and the message division
should be a rational number. There are two alternatives. (1) transmit 1.5 messages per minor
frame corresponding to 1,680 BPS, or (2) transmit one idle byte in each message and 1.333.
messages per minor frame corresponding to 1,600 BPS. The latter case adds only 80 BPS to the
spare telemetry rate but wastes 120 BPS of usable space. It seems that the optimum output data "
rate is 1,680 BPS, leaving a residual spare data rate of 240 BPS. Therefore, the service rate will L
~be 15 messages/second. The resulting traffic int_ensity is:

L
Tlus leaves a 464-BPS spare telemetry data rate, ' | :E

10 | | i
o =—=0.666 . “

15

Ifa 1,024—bit buffer is used, the inaximum number of messages that can be stored is:

1024 .. : e
=2 2914 - - -
14X8

=9 complete messages

P(n > 9) = ph*1

=074 N e 4

The probability of service is 1 — 0.01734 or 0.9827. However, sifice the calculations are based

on random service t1mes whlle in actuality the semae tlme is constant the probabxhty of success jﬁ
wﬂi be greater, : .
_ ' : i .
The output buffer and telemetry characteristics can be summarized as follows: =t e
* Service rate = 15 messages/second | .
Traffic intensity = 0.6667 erlang , Z J i :
Output buffer size = 1,024 blts or 9 messages . !
Numiber of 8-bit words required dunng each minor frame = 21 . T

- Probability that the buffer is adequate >0.9827. =

L2

3
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4.1.7 121,5/243-MHz Transponder -

The requirements for a satellite system ’capable of operating with existing ELTs are studied
in a separate report, This section relates only the basic concepts for the sake of continuity.

-

The equipment required for detecting and locating existing ELTs is essentially a satellite
transponder system that uses a “bent-pipe” technique. The satellite equipment for this task is
assumed to be a completely separate package or satellite subsystem It will- have nothing in
common with the differential doppler system discussed in this report. Even though such a system
l eventually uses fhe same technique for performing the position locating function, the
i implementation is considered to be totally different because the problems associated with- s
: ' “existing BLTs necessitate a different approach. Major system differences include continuous-
broadcast ELT characteristics, undesirable FM sidebands, low power, and basically poor signal ’
quality from emstmg ELT des:gns

e

L=

=
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' 42 GEOSTATIONARY SATELLITE EQUIPMENT | | h

The satellite equipment required for a geostationary satellite system is similar to that
- reqmred for -the low orbiter system.: However, there are demgn variations peculiar - to
geostationary satellite equipment.

=

‘_
[

The most obvious difference is that the received signal strength is much less than for a low
orbiter. In general, the receiver front-end design is more critical and the design should use
techniques to improve the receiver noise figure. This is particularly true in the case of the

o

Py
b

. hyperbolic rangmg concept where the I1m1t1ng factor for accuracy becomes the 51gnal-to-n013e
S }l'éj ratio of the receiver.

o

],1__ Another rﬁajor difference is the  absence of doppler dispersion which increases the

i probability of mutual interference. A compensating factor, however, is the fact that the satellite

o ke is continuously visible. This permits the problemis of mutual interference to be overcome by
: offering unlimited tries with the only constraint being waiting time. Such a system obviously

j ff? requires more channel demodulators (phase-lock loop receivers) than a low-orbiter system since
wa the number of transmitters requesting service is greater.
Finally, the individual requirements of the intended use of such a system necessitate unique
P design characteristics. Therefore, a discussion of possible applications of a geostationary satellite
: system is in order.

U The ‘simplest system is one which is used for detection only. Such a system requires only

one geostationary satellite (stationed over Brazil) with a single receiver. The receiver functions

the same as that described for a low orbiter, but does not require frequency measurement

circuitry. The only requirement for thie receiver is to detect and decode ELT signals, strip the

information bits from the data, and relay the informaiion bits to a ground station. Such a , 3
satellite provides one-third earth coverage for detection of ELT signals. - so

 An' extension -of ‘the basic detection’ circuitry to four receivers provides the basis for the
interferometry technique. Such a system may dlso require a speeial-purpose receiver that provides - :
, coarse angle information. The other four receivers are identical. The position information is L
Jid4 o+ - extracted by accurate measurement of the carrier phase. The phase measurement is made at the - ;
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channel demodulator carrier frequency. The four pliase measurements are digitized and combined
with the ID of the received signal. The information returned to a ground station is similar to
that from a low orbiter. The basic system simplicity is the requirement for only a single satellite,
but this is offset by the relative difficulty of maintaining alignment between four antennas and
receivers.

The last implementation considered is the hyperbolic ranging concept. This system requires
‘2 minimum of three satellites. The absolute time and position of each spacecraft must be
determined. While this is possible, it is not an easy task to keep three satellites properly located.
The three spacecraft receivers are basically the same as those described for the low orbiter with
the addition of a narrow-bandwidth phase-lock loop capable of tracking the bit clock. Spacecraft
time is taken at a predetermined bit time and combined with the ELT data. This information is

transmitted to ground equipment. (The ID of each spacecraft is also included, either 1mphc1t1y or
exphc:tly )

The use of a geostationary satellite system as a sole means of providing position information
does not appear practical with ELTs meeting the design criteria for the low-orbiter system.
However, as supplemental information systems, they can provide invaluable aid in reducing the
total emergency reaction time. Thus, while a range accuracy of 100 km for geostationary satellite
position information may not be adequate for final search-and-rescue activity, it would be
extremely helpful in initializing search activity in the proper area. Once such activity was
initiated, final accurate position information could be obtained from the low orbiter and
forwarded to the initial search operation. The use of geostationary satellites to obtain initial
detection and a rough estimmate of ELT location provides search-and-rescue personnel w1th the
highly desu'able feature of nearly instantaneous alert.

4.2.1 Location Using Interferometry

The satellite equipment for each of the four receivers is essentially the same as the
equipment described for the low orbiter. The primary difference is the implementation of the
channel demodulator since the key parameter to be measured is carrier phase. This places some
stringent requirements on the phase coherence and phase stability of the injection signals,
however. Therefore, the design requirements for the carrier generation circuitry must be more
tightly specified for phase stability and steady-state phase error. In addition, provision must be
made for precise calibration for equal phase delay through each pair of antenna/receiver sets.

- The c.ha'nne'l demodulator must contain a j;:hase—i’ock loop that forces the VCXO into phase

lock with the received carrier (refer to Figure 4-7). The loop characteristics must provide rapid
acquisition (t; < 50 ms to 0.05-percent accuracy). The phase measurement is then made with
respect to the paired receiver. The proper carrier frequency is obtained from the search unit and
appropriate channe! demodulators are paired accordingly. The phase measurement must be

completed within 50 ms. The IDs from the paired demodulators should be compared to validate

the phase measurement. The phase data are combmed with the ID and panty bits for trans-

imission to ground equipment.. -

As previously discussed, it will be necessary to obtain a coarse phase measurement to

~eliminate - ambiguities. One. method of obtaining this information is to have a fifth receiver/ .

antenna combmatlon This system' could be structured to sense amplitude differenices in received

signals arriving from different directions, thus providing coarse angle information, or a short-base
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line interferometer technique could be used. Either technique would require essentially the same
equipment as the precision measurement system. It may be desirable to operate the equipment in

a dual mode: part of the time the system would obtain coarse angle mformatlon, and part of the
time it would obtain fine angle information.

Full assessment of the problems and design considerations of an interferometry system is
beyond the scope of this study. Only basic compatibility problems have been evaluated and
general design considerations outlined. The basic conclusion is that such a system is technically
feasible although some severe problems may be encountered in the implementation.

-4.2.2 Location Using Unilateral Ranging

The circuitry required for implementing this approach is basically the same as that for the
low orbiter. It is assumed that the time clocks for all three spacecrafis are synchronized and

maintain the same absolute time. It is further assumed, of course, that the satellite positions are
accurately known.

1

[
|2

The major change in the spacecraft equipment design is in the data recovery circuitry. A
block diagram of the modified circuitry is depicted in Figure 4-10. The object is to determine
i precisely the arrival time of a predetermined bit of data, The coarse time is obtained from frame
sync recognition. The precision phase-lock loop locks to the data clock. The bandwidth is
narrowed sufficiently to provide a minimal mean-squared phase error in the data clock transition,
G i.e., to reduce phase jitter to an acceptable level. This refinement should occur over almost the
entlre message “duration. After a specified number of bit times, a clock transition marks the
precise time a bit arrives. This time mark is used to delimit spacecraft time which is combined
with the received data and forwarded to ground equipment.

— The design requirements for the precision PLL have been discussed. The primary design
'L : - parameters are shorf-term stability and minimum noise bandwidth. In addition, the system
! signal-to-noise ratio is critical to system accuracy and every effort should be made to enhance
the receiver noise figure. Finally, it is not necessary to measure carrier frequency, so that
circuitry for measuring frequency is not required.

| b
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Figure 4-10. Data Recovery (lfcuitry Modified for Unilateral Ranging
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The brief study of a geostationary satellite system has been included to show that it can
operate with ELTs in a low-orbiter system, although some of the spacecraft eqmpment desxgn
may pose some technical challenges
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APPENDIX A
GEOGRAPHIC COVERAGE DATA

A calculator (HP 9830) was programmed to solve the géographic coverage vector equations
presented in Subsection 2.4. The results were plotted in polar coordinates for ELTs located at Q-,
30-, and 45-degree latitudes. This data is depicted in Figures A=1 through A-3. Eac¢h family of
curves plots azimuth (6 in polar coordinates) versus elevation angle (p in polar coordinates) for
various satellite equator crossing longitudes relative to the longitude of the ELT. The O-degree
elevation angle (horizon) is at the origin while the 90-degree elevation angle (zenith) is the third
major concentric circle. Each curve in 4 family defines the set of azimuth and elevation points
traced out by a satellite having the indicated relative longitude at the time it crosses the equator.
The plots include the earth’s rotation effects and the inclination of the satellite’s orbital plane.
(The “butterfly” patterns are tilted because -of the plane of the satellite’s orbit.) These curves are
helpful in evaluating the effects of terrain on viewing angle, the variation of elevation angle as a

function of equator crossing longitude, and amount of time the satellite is visible above a given
elevation angle. . _ o _ - e _ N C . 4

The same data is presented in tabular form immediately following Figure A-3. An estimate
of the time that the satellite will be visible above a 10-degree elevation angle is computed for
each set of values. The time is not exact because only discrete points were used. A copy of the
program listing follows this table,
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Figure A-1. Satellite Viewing Angles for a 0-Degree Latitude

E.



o8
B0t
gl
o
ot
o000
i
<08
oI
ollll
82
b1
o
o0t
o217
o
bl

1!
-+
\

=SS

N i 1 TTHRHR 7
i e } P,
oy | O tn
£ NN 1 Hh
£ o +
._ = , T i3
{ < > { i
: =55 e
¥ ¢ = i 1]
3 W <g ) 11
H =
A WUMM T P
corass | = i ;
§ Lo 0= m ’ ] :
il e} Y b
e | S”, ‘ ‘ B 1
o =2
1T) 2
o= bt =
&5 o i
; : U a
i | 1 %y m
L]
-
- i - T4 " <m
=mEEES P ] = e — - .w
SEE== H == SaowSam SSEES = M n
L 2222 1 = - ESESSESSSSSSSR - B = <
e s = B g
_ =
o
-~
2
=
2
o
<
:
io

|

7S5

g%

i
K1

209162

§s

ot
of§

ofit
o0

olil
ol

ol
off

ol
off

ol
oftl
ol¥Z
olil
ol
oI
ol
ot

o2
ol

R R R S S S R

TR e




3%

55

=3

il

i3

SATELLITE'S EQUATOR
NGLTL

CROSSING RELATIVE

1]

R EE B

1

—

¥

11

offl
oA

i

ol
oMl

08l

i

Figure A-3. Satellite Viewing Angles for a 45-Degree Latitude
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OBSERVER LATITUDE IS @.81 DEGREES
SATELLITE ALTITUDE IS 834.688 KM -
INCLINATION, OF SATELLITE ORBITAL PLAHE IS 99, BE DEGREE°
. PERIOD OF SATELLITE IS 181,51  MIHUTES . :
"EARTH-CEWTRAL COWIC HALF-AHGLE OF ERRTH COYERAGE 1S5 27.84 DEGREES -
- SATELLITE AMGULAR YELDCITY 18 3,55 DEGREES PER MIWUTE - R

SATELLITE SATELLITE =~ SLANT RANGE  AZIMUTH ELEVATION
ANGULAR ~  EGQUATOR _TB . AHGLE ANGLE gy
POSITION CROSSIMG SATELLITE | | :

~-1&,80 —235,88 3204, 4¢ 227,95
- =16.,H08 ~22. 88 3193.93 - 232,87
-14.88 -23.84 3117.68 236,43
-12.80 ~23. 88 3836.608 248,99
~16, 48 ~-23. 64 ‘ 361,39 243,71
-3.88 ~25.08 2954, 25 258,56
-R.B8 . =25.88 2974, 85 255.486
-2.84 =29, 84 : - 3805, 66 265,23
8,04 -25. 868 ; 3848, 69 . 269,98
2,88 : =268 31B6.90 - 274,37
40@@ -251 BE‘ 31.8@. 44 2?81 95
G. 06 : ~25, 88 . 3258. 66, 283.14 8.88

SATELLEITE VIEMING TIME RBOVE 16,88 DEGREES 15 .68 MIHUTES
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QBSERYER LATITUDE 1S 8,81 = DEGREES

SATELLITE ALTITUDE IS 234.88 KM :

IMCLINATION OF SATELLITE ORBITAL PLRHE IS 99.88  DEGREES

FERIOD OF SATELLITE 1S5 181.51 MINUTES

EARTH-CEMTRAL CONIC HALF-ANMGLE OF EARTH £OVERAGE IS 27.84 DEGEEES
SATELLITE AWGULAR YELOCITY IS 3.53. "DEGREES PER MIHNUTE

SHTELLITE SHTELLITE SLANT RAHGE ~ RAZIMUTH ELEYATION g
RHGULAR EGBUATOR T ANGLE AHGLE -
POSTITION CROSEING SATELLITE . fﬁ
-2, 98 -26. 88 3828, 27 216,37 3,28 3H -
~18, 6@ ~Z26.,84 2896.68 228,37 4,5% —
~16. 66 -28. 80 ' 2778.11 224,76 - 5.84
~14,08 2@, fE 2674,48 229.54 7.083 i
~12.68 -26. 06 2587, 45 234,78 5.97 |
~16, B8 -2, 88 2519, 88 246, 208 2.9z R
~&. B 28,66 2478,89 245,99 3,54 rn
-5, @8 20,88 C2444.10 - 251,98 9.89 gﬁ
-4 .88 -26, 84 2439,41 - 258,683 9.95 Lad
-2.889 ~28,98 o 2456,92 - 264.99 .72
(SS]L —~28.00 2496,18 269.97 2.21 REk
Z.B8 -28.88 #395,487 27561 2,46 iy |
4, 68 -23.606 2534, 73 230,93 7.508 =
F. R -28, BA 2738,89 2B5.88 5,37 .
o Be © —28, 6008 2842,45 296.45 5.13 o}
18, 8@ -28. 84 2957.52 234.64 3.81 ik
12,08 -28, 88 - 31g4,29 290,46 2.44
14,68 -28.688 3251.68 ©3P1.95 1.84 =
SATELLITE YIEWING TIWE AROVE 1@.88 HEGREES IS5 49,88 MIMUTES e
A6




%

1
|
|
| :
- DBSERVER LATITUDE IS 8,81 DEGREES : -
SATELLITE ALTITUDE IS B834.088 KN ‘
1

IHCLIMRTION OF SATELLITE ORBITAL PLANE IS 99.08 DEGREES
FERIOD OF SATELLITE IS 161,51  MINUTES '

EARTH-CENTRAL CONIC HALF~ANGLE OF ERRTH COVERAGE I3 27. 84 DEGREES

o SATELLITE AWGULAR VELOCITY IS 3.55 DEGREES PER MINUTE
‘." i .

v SATELLITE SATELLITE SLANT RAMGE AZIMUTH ELEYATION . o
S ANGULAR EQUATOR TO ANGLE ANGLE :
: ﬁ; FOSITION CROSSIHG SATELLITE -

LN ~26,00 -15.80 3275, 07 197.67 P, 32 4
Vo -24, 0a -15, 8@ 5689, 34 266, 26 2,59 :
: EE 32, B8 15,50 2985.84 - 293,20 4. a1 3
Cod -28, 88 -15. 88 2738.43 206. 54 6. 29 |
¥ ~1%, 80 -15.68 2575, 63 216,35 .21 o

- ~16, @9 ~-15.88 2424,60 214,70 16,14 o
v -14,.88 . ~15, BE 2287, 96 219.66 12,85 |
-12. 68 ~15. 63 2167.92 225,20 13,87 g
o ~18, A -15, 88 ZRET. TS 231.63 15.51
m o -g.am ~15, 00 1290, 58 £33, 64 16.87 |
g ~E, @@ -15. 60 1939.1% 246,28 17,92 o
IR -4, @ ~15.88 1915, 76 254.13 18,27 |
Lo -2, 80 ~15.98 1921, 14 262, 14 16,16 "
S @08 ~15, BA 1955, 21 269,96 17.52 o
\ b EIBEI "'15- Eg 25‘315. 4'3 2??'34 15- 43 {
: 4, 3 - ~15, 50 2182,23 284,11 14,93 i
T £, BE - -15. 68 2209,69 298,19 13,22 n
S 3. A ~15, 8 2335.66 295,59 11,37 P
5 16, @ ~ -i5.68 2477.13 388, 34 3,485 -
F o 12, @@ -15, 88 2631.42 384,52 7.54 L
e 14, 6 ~15. 64 . 2796.28 288,18 5. 64 D
NN 16, B8 ~15.88 2969, 51 311.42 3. 79 [
3 18, BA -1, 80 3149, 72 314,28 2,00 e
v E? =5, G5 ~15. 5@ 5335.45 216,53 5. 26 -
o
o SATELLITE WIEWING TIME ABOYE 18.86  DEGREES 1§ 7.33 MIHUTES b
3 »
R Lo
Ll
fg %
S L
fggég .
S B ,
s% A_'?




SATELLITE YIEWING TIME ABOVE 1,086

" Equipment Group -

; ' ! l SR, .ﬁJ, o st e o R N s Sl b .é
! ; [=]
H
OESERYER LATITUIE IS B8.61 DEGREES
i SATELLITE ALTITUDE IS 834.88  KH
s IMCLINATION OF SATELLITE ORBITAL PLAME IS5 99.G8 ﬂEGREEB —
: FERIOD OF SATELLITE IS 1&1.51 HIMUTES . ) SR

EARTH-CENTRAL COMIC HALF-AWGLE OF ERRTH COYERAGE IS 27. 94 DEGREES S S

SATELLITE AMGULAR YELOCITY IS 3.55 DEGREES PER MIMUTE G

SRTELLITE SHTELLITE SLANT RAMGE REZINUTH ELEYATION o=

AMGHLAR EQUATIR TO RMGLE - AMGLE - &

POSITIOHN CROSSIHG SATELLITE [T S,

-22. 86 ~18.88 33 l.34 186.82 |, 83 b

-24, 08 -1E.88 2944, 986 189,75 4. 83 o

-22.8a ~18,68 2v41.85 191.94 .25 et

-2, aa -1, g8 2543, 61 194. 51 sy oH

-18.88 ~-18. 88 2351.78 197.55 11,14 ™

-1&.88 ~18,.68 2168, 67 281,28 13,87 TR

~i4.8%9 -l8.60 1995, 2¢ 2B5.61 16,78 :

-12.688 ~18,84 1826.54 211,068 19,86 e

-18.04 =16, 68 1696, 89 2i7.81 2%, a8 s

~8. 68 -18, 68 1578, 968 220,67 26, B3 P

~6, B ~18, 848 19496, 78 235,38 2,62 B

-2, 58 -1@,86 1421. 54 258,19 =8. 99 5
H. 64 ~18,66 1445, 64 - 259,94 38, 08 w0
&.88 -16, 868 1567. 34 288,71 28,11 =
4. 80 ~18, 68 16582, 248 294, 48 25,29 TEd
5. B -1, 98 1724, 62 297,74 22,33 b
5. B 10, 86 1863, 04 @4, B8 19,19 -
18. 80 -i.88 C 2E36.37 289,286 16,15 L
12,96 ~-18.88 - 2285, 26 13,53 13.29 SF B
i4. 688 ~18, @4 2298.82 . Z1¥.e8 i@,61 w0
16,88 | ~18, 18 2582, 45 328,85 g.13 :
1g,.88 C=-18.88 - 2yen,va L ER2.68 S 5 i
28, 948 ~1@,. 88 2983, 44 324,78 .65 K
22,048 -18. 66 31e5.561 326,69 1.862

DEGREES IS 9.59 MIMUTES




e ko TR | | 1 MU ' U F - »
; aj o
: : /
: g} DRSERYER LATITUDE IS ©.41 - DEGREES
= SATELLITE RALTITULE IS 834.08 KW - :
. INCLINATION OF SATELLITE ORBITAL PLAWE IS 99,08 DEGREES
it PERIOD OF SATELLITE IS 161,51  MIMUTES _ N
: 8 EARTH-CENTRAL COHIC HALF-AWGLE OF EARTH COVERRGE IS 27.684 DEGREES
3 SATELLITE RHMGULAR YELOSITY IS 3.5¢ DEGREES PER MIMUTE .
La SATELLITE SATELLITE SLHHT RANGE AZIMUTH ELEVATIOH
ANGULAR EAUATOR . TR - RNGLE AHGLE
g? POSITION CRDSSING SATELLITE
I
P -2, B0 ~5, 38 2347.18 | 1P6.70 8.15
- - 26,88 -5,68 o o8i2g.8% 0 " 1775l 2,23 i
AR -2, BE ~5, A 2265, A7 178. 486 4. 47
L ~22, B - -5.80 26265, A8 179,58 &, 59
o -2, 85 . =5, 88 2469, 35 188, 32 9. 5E
~1g.88 - o ~E.BE © 2255, 82 182,58 1Z.52
~15. B - =5,008 2n¢e.81 184, 59 15,87
-14, B -4, 68 1844,19 187.19 12,78
~12. 88 -5, A6 1658, 47 198,59 24,13
r ~10,69 -5,60 1469, 81 C1es,21 29,29
i -ELHE ~5.88 - . 1387.16 20l. 74 35,25
: -5, B -5, B 1171.83 211,38 41,83
- -4, B -5, 8 C1B71.43 225, 86 4&, 13
) 2 5. Bg 1819.42 246, 39 52, 34
! ~5,88 1622, 16 263.58% 52,10

I
e LT T
=
ER O

2,88 -5, 88 1879, 26 289, 95 47.61

~5. HA iiug.?ﬁ 283. 79 41,18
2.88 7 ~5,. 806 - 144@ E? ' 319.48. 'QB.??
12.849 -5, @8 ' '1352.46 B27.28 1q a2
5 R £ = 3 - -5, 84 2487.7E 333.53 Q.82
I e s [E =388 ' 2re4, 153 354,91 Ba RS
w0 BELBE - =3. 88 : 2922 .53 35, 69 T 4,88
; 24,88 -3, 68 ' 2142,53 - 387.18 2. 487
! 1; 26,8 -5, 88 3363.31 337.98 8.681
[T SATELLITE YIEWING TINE REOVE 18.09  DEGREES IS 18,15  WINUTES |
5; l A9 | : Equipment Group :




SIS T S il PR T: IS

S DESERYER LRTITUDE IS B.81 - DEGREES
o : - SATELLITE ALTITUDE IS 834,88 KM _ . : c
o IHCLINATION OF SATELLITE ORBITAL PLAHE I8 99,00 DEGREES - 1
PERINOD OF SATELLITE IS 181.51  MINUTES S : DY |
EARTH-CENTRAL COMIC MALF-RNGLE OF EARTH COVERAGE IS 27. 84 DEGREES 2T
SATELLITE AWGULAR YELOCITY IS 3.55 DEGREES PER MINUTE

o dmmnene sl el i e sl i | NN B e T 1

SATELLITE - SHTELLITE SLAHT RAHGE RZIMUTH ELEVATION L
AHGULAR EQUATOR TO ANGLE AMGLE
FOSITION CROSSIHG SATELLITE 75

-26, 58 8,88 3199,15 18734 1.52 =
-24, 85 #, 89 2974, 16 167,36 2.75 |
~-22 .61 A.85 ,  2748.78 167.26 £.16 o |
-28, 5 H.AE B52E, 43 167.23 8,82 whoi
i

~15. 688 g.886 - 2885, 73 167,17 15.21 =
~14, B8 0,648 18¥8,47 - 167,15 19,18 i
-12.88 8, b8 188,81 167,12 23 H7 o
~16, 548 G, B8 _ 1459,58 _ 167,11 29,62 -
=-2.88 ‘ B, ER 1&va, 33 ' 167.18 38, 84 Bk i
-5, 84 : d.ae 1181.861 157.168 R PR S r A oo
~4,88 - 9,846 o RER. 43 - iev. 16 AT .97 ﬂi

|

-2,88 8. B 858, 86 167,13 72,85 —
A, 0 5,84 334.06 150,88 89,91 1o
2. @8 8, 5a QE7. 42 347,88 73,88 4B
4. 88 &, 6@ 261, 28 247 .84 55,16
&. A3 g, 88 1186, 11 347,05 46,17
. 58 d . RE 1259,18 347.87 36,91
15,85 @, B8 1457, 62 347,89 29,68
12,66 A. G 1658, 83 347.11 23,92 .
14,65 A, BE 1868, 42 347,13 19, 26 o
16,88 - 8.68 2H83.64 347,18 | 15,24 oy

o t2.88 g, 58 2362, &7 347,18 11.84 ik

R | 26, B f.80 - 2524, 29 347. 22 £.85 e
o 22, B8 8, 6a 2747 61 347,25 8.19 D
24, 6@ B, 68 S @9F2,8@ - 347,29 ity w3

26,5 . . B8 3196, 98 347.33, 1.55 -

2 SATELLITE ¥IEWING TINE ABOVE. 18,88  DEGREES IS 18,71  MINUTES o
? i

Joemeey
f

Ao : o ‘eq}ddméhi" Group 0




OBSERVER LATITUDE IS &.81 DEGREES : ‘
SATELLITE ALTITUDE IS 834.88 KM
THCLIMATION OF SATELLITE ORBITAL PLAME IS 99.08 DEGREES
FERIOD OF SATELLITE IS 181,51  HIHUTES
EARTH-CENTRAL COHIC HALF-AMGLE DF EARTH COVERRGE IS 27.84 DEGREES

_ =

s

SATELLITE ANGULAR YELOCITY IS 3.55 DEGREES ‘PER MINUTE
- w SATELLITE SATELLITE SLANT RANGE RZIMUTH ELEYATION
 ANGULAR ERUATOR 0 ANGLE -  AMGLE
m FOSITION - CROSSIHG SATELLITE
-24, B 5. 80 3144,56 157,11 2,85
& -22, 60 5. 6 2924, 56 _ 156,18 4. 26
~28, 88 5, G5 2786, 15 154,93 £.56
S -18,80 5, G 2489, 74 153,55 9,23
i -16,688 . 5, G 2276, 35 151,89 12,22

~14.066 : 3 B : 2867, 27¢ 149.86 15,52 i
=12.88 : - 0.68 1864 ,22 147,29 18.29 x
~18,88 9.88 1669, 77 143,96 23.69 f
~5. 68 : ‘0.086 1487,.57 - 139.47 28.72 ' i
5. GA 5,86 1323,81 133,16 34,60 ,
-4, 68 5.84 1183,v2 123,92 41,13 i
B, 68 9. 868 C1BER, 16 98. 11 2. 18 k
2. 88 =88 1613, 88 66.99 92.3% i
4.09 3. 68 ' 18970, 45 46,08 43,25
5. 88 _ .58 119,62 31.46 41.91
19.848 3. 08 ' 1457, 74 15,24 ?q.uJ
12.88 _ I, B8 ' 16458.45 oo 18.81 24,18
15,85 5.68 2844 .68 4,608 15.91
18,94 .88 2233.85 . 2.36 12,56 -
28, GE 5, 5 246716 5,92 9,59 L
P2 OG- S.06 263,88 259.88 6,92
24, 88 5. 688 2902, 85 298.48 4.49 i
26, HE - R.Ba : 3123, 37 257, 51 2,20 4

l . SATELLITE VIEWING TINE RBOVE 10,68  DEGREES 18 {9,15  NINUTES

A1l S o Eciulbmenl‘ 'Graub

{
L.




T
ii }?f?
1 b
i e
Az - Egquipment Group AR
k- ; al
i e
! | o
i
n -+ i

-14,88
—12189
"‘1@: EB
—8, EiEl

-5, 68 18,88 1725.53. 117.82 22,5 .
-4, 84 16, 0 1662,59 110,65 25,38 _E
-2, 08 18, 05 1587.71 166,82 23,10 e

8,68
2. 66
4 . {8
6. G
8.688
168.88
14,848
15,946

SATELLITE WIEWING TIME RABOYE 15.64

15,68
18,86

16.88
10,846

16.68

AB.ga

16,86
18,60
14,60
19, 66
1, B0
18,98
18, 68
18. 98

2331, 62
2286, VE
2831, 92
1878, 21

1445, 64
1421, 15
1436, 23
1489, 67
1577,56
1694, 47
1824, 75
1993, 34
2166, 85
2349, 62

137.12
133.58
129,32
124.14

98 .86
7S.31

G655 dd

55,39

37.55
31.84
23.564
21.22
17.5¢

DEGREES IS 9.33

- 18.59
12,27
“lg.13
19,17

T 3B, 68
28,921
8. 44
28. 66

C 26,87
22,84
19,94

18,82
13,98 .
11,17

MIMUTES

PR [ —

o] e

fowsd  f—

1
i

26, 88 16,886 2341,48 14,32 B, B4

22,88 | 18, 85 2739.748 11.95 CEL2Y

24, 88 18,684 2942, 75 . PR 487 B
! 25,88 - 18, A5 23149.56 787 Z. B8 ;&

(o] et

x4
ey

L :_u-&;m et R .'1 .‘ i l: R l — ~ B S A e i ;7. T e ‘/
i o | |
gi _ -<gii§} LJ
L | DESERYER LATITUDE I5 ®.81  DEGREES - o | A
it SATELLITE ALTITUDE IS S34.88 KW o
Bt INCLINATION DF SATELLITE ORBITAL PLANE IS 99.680  DEGREES B
o PERIOD OF SATELLITE IS 101,51  WINUTES | | T
b ERRTH-CENTRAL COWIC HALF-AMGLE OF ERRTH COVERAGE IS 27.94  DEGREES 4
4 "SATELLITE RMGULAR YELOCITY IS 2.55 DEGREES PER MINUTE
! SATELLITE SATELLITE SLANT RRMGE  AZIMUTH ELEVATION oy
1 ANGULAR ERUATAR 0 ANGLE AMGLE !
. FOSITION CROSSIHG SATELLITE o
£ ~22, B8 16,88 3191,37 145.71 1.69 s
: 36, 6 19, 6@ 2985, 26 144,81 3.63 S
i 15,08 16.68 - 2732,48 142,62 5.79 r[
: -16.85 . 18.86 2534, 14 148,09 .11 .




e -

OBSERVER LATITUDE 15 8,01 DEGREES | = | (ho
SATELLITE ALTITUDE IS5 834.88 KM - o
INCLINATION OF SATELLITE ORBITAL PLAME IS 99,88  DEGREES
PERIOD OF SATELLITE IS 1#1.51  MINUTES :
 EARTH-CEMTRAL COHIC HALF-AMGLE OF EARTH COYERAGE 1§ 27.84  DEGREES

SATELLITE AHGULAR YELOCITY IS 3.5% DEGREES FER WINUTE
ﬂ"s
S SHTELLITE © - SATELLITE SLAMT RAHGE AZIMUTH ELE¥ATION
ANGULAR ERBUATOR T ANGLE AMGLE
T POSITION CROSSIHEG SATELLITE ;
SR PR, 08 ~ 15.88 3527. 11 136,85 B.25 :
' -18. B 19.88 3151, 27 i34.8y - 1,98 = .
[N -16, 88 . 15,808 2970, 99 131.45 3.78 o
! -1i4, 09 15,80 2797.57 128,22 . 5,83
i -12,38 - 15.88 2632, 67 - 124.5¢ 7.52
o ~18, AR - 15.88 - 2478, 24 128.39 9. 44
i -5, GR 15,0806 2216, 44 118,25 13.21
: -4,80 _ 15,88 2182.75 194.17 14,92
r - =R.80° . 15.88 o 2B1E.6T 97,41 16,48
i 8. A6 15,88 . 1955,21 96,84 - 17.52°
’ 2.B80 15,688 1920, 85 g2.22 19,17
. 4,80 15, 68 1915,13 74.28 18.28
SRS 5. 96 . 15,88 1938, 33 - B8.27 17.84
) 5. B8 15,68 1689, 47 58,70 ig.89
16,50 15.00 2665, 43 51.69 15.53
" iz2.80 15,08 2166, 40 45, 34 13.89
> 14,98 - 15.89 2286, 28 39,78 12,688
. 16,68 _ 15.88 2423, 60 34.73 18,17
; 19,00 15.98 2573.75 38,37 8,22
g 28, BY 15,066 | 2726.85 26.56 &, 32
'a 22,68 - 15.8@ 2967, 80 23,22 4, 44
: _ 24, 08 15, 66 SE37 . 26 20,28 261
L . 26.88 15,88 _ 3272.95 - 17.88 §.94
1 32 SATELLITE YIEWIMG TIME ABOVYE 10.80 DEGREES IS 7,33 MINUTES
|
ﬁ Al3 Equipment Group




PR
j DESERVER LATITUDE IS 8,51 DEGREES | R
. | SATELLITE ALTITUDE 15 834,88  KH e - o SR T
o INCLINATION OF SATELLITE DREITAL PLAHE IS 99.88  DEGREES .,
PERIOD OF SATELLITE IS 161.51  MINUTES 1
EARTH-CEMTRAL COWIC HALF-ANGLE OF ERRTH COVERAGE IS 27.84  DEGREES i
SATELLITE AWGULAR YELOCITY IS 3.55 DEGREES PER MINUTE
b
SATELLITE SATELLITE SLANT RAMGE ~ AZIMUTH ELEVATION =
ANGULRAR EQUATOR TO RHGLE ANGLE o
POSITION CROSSING SATELLITE -~ - - ot
-14, 60 28,64 3252. 25 121.99 1.62 o
i ~12, 80 20, B ~ 21@5.35 118.58 2.432 -
I ~16.88 . 208,86 2962.45  1i4,68 3.80 EH
- -3, 66 28, BE 2843, 23 116,49 5.13 S
R ~G, 66 28,60 2751.50 185, 93 €.37 L
k -4, B8 26, 66 2635, 15 188, 9§ 7.49 D
R ~2,08 28, B . 2556,89 95. 66 2,45 &
éﬁ 0. 88 26, BE 2496, 18 90,03 9,21 =
£ 2,88 - 2@.88 2456, £9 84.14 9.72 o §
i 4. B8 26,80 2438, 96 78.10 9,96 . ;
4 .84 . 2@,8R - 2443.43 72,03 9.99 5
: G.88 20,60 2470.08 66. 84 9,55 Lo
; 16,68 26,80 2517.99 68, 23 .92 o
5 12,88 20,68 2586, 18 54.74 8,98 ] S
: 14,88 28. 98 - R672,97 49.58 7.84 = .
: 1€, B9 2@, 60 2776.54 44,79 5. 86 o
2 18.60 20, G 2894 .99 49, 4@ 4,57 :E :
. 20,08 20, B 3026, 48 36.39 3,21 |
i 22,38 20,80 . 316%,.24 32,74 1.81 ¢
y 24,08 20, 68 3321.68 29,43 .39 o
3 SATELLITE YIEWIWG TINE ABOVE 18.88  DEGREES 1S 6.6 MIMUTES :z A
: 1
¥ i
A-14 Equipment Group i
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‘. f B K
%- ;
[—
i ———
P ———-
b e
—

1 eiﬁp
P '
Il DEZERYER LATITUDE IS &.61 DEGREES
i SATELLITE ALTITULE IS £24.68 KN ‘ | o ,
IHCLIMATION OF SATELLITE ORBITAL PLAHE IS 92,00 DEGREES
IT PERIOD OF SATELLITE IS 161.51  MINUTES B |
. || ERRTH~CEMTRAL COWIC HALF-AMGLE DF EARTH COYERAGE IS 27.84 DEGREES
; SATELLITE RHGULAR YELOCITY IS 3.55 DEGREES PER MIMUTE '
: m SATELLITE  SATELLITE SLAHT RANGE RZIMUTH ELEYATION
_: AHGULAR - EBLATOR . 70 AHGLE RHGLE :
i POSITION  CROSSIHG ~ 'SATELLITE ' - ' :
o : ;
* ~f. B8 25,80 3268,51 163,17 8.82
f —4-ag 25-@@ 3183-?9 ) BQ!EB : 1-?@ ?
}] -2, B8 25,080 3167, 13 94,51 .. 2.41
P 6. B8 . 25.84 5048, 69 99,82 - 2.99 .
2,806 25,68 3086.47 85.28 2.42
* 4. B 25,668 2981, 25 g8.42 3,67 .
’Lﬂ £.68 S 25,88 2973.53 75.51 3.75 .
: 8-38 25'@5 2983.48 ?B-G@ 3!65 i
e 18,689 25,80 3816,97 65.75 3. 37 !
8 j 12,66 25,66 " 2955,52 £1.83 2.92 :
e 14, 8@ 25.68 5116.38 55.47 , 2.32 |
;f 16sgB 25.@@ 3192-55 52-11' 1-59 ;o
v o v 18,68 25,094 . 3282.95 47,97 8.74 |
i -
- SATELLITE YIEWING TIME AROYE 19,6 DEGREES IS5 8.88 - HINUTES |
i %z
s EI A-15 o Equipment Group
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OBSERYER LATITUDE IS 28.88  DEGREES
SATELLITE ALTITUDE IS 234.88 KM ' '
INCLIHRTION OF SATELLITE ORBITAL FLAME IS 99.66 DEGREES

R -

]
B pissmed

PERIOD OF SATELLITE I8 1@1.51  MINUTES ??
EARTH-CEMTRAL COMIC HALF~PAMGLE OF EARTH COYERAGE IS 27.84 DEGREES L
SATELLITE AMGHLAR WELOCITY I3 3.55  DEGREES PER MIHUTE -
o
SATELLITE SATELLITE SLRNT RANHGE AZIMUTH = ELEVYATION b )
AHGULAR ERUATOR TO : AHGLE ' ANGLE , j
POSITION . CROSSING SATELLITE il ]
* : [N
2. 08 -28.88 3363.63 234.15 8.8 L
14.00 -2@, 86 3252.85 228,688 - 1.82 T e
16,86 ~20, 04 23154, 18 242,18 1.96 LE y
26,86 ~28.68 2998, 26 251.82 2,56
24,089 -26, 68 2995, B5 258,72 ‘4,47
25. 66 -26, BE 2884, 09 255.77 4,69
25,508 . -28, B8 2088, 81 wvh, 85 4.72 o
- 38,688 -2B.88 2095,25 . 275.91 S 4,57 . ¥
32,66 ~26. 66 2927.63 236,89 4,23 s
34,088 -28, 68 2975,.76 285.73 3.73
36,85 -26, 63 2048, 17 238, %8 .88 ~—
28,96 -20, 99 - 3119.42 294,82 2.29 Ly
4@, 5o ~-26, 68 3212.22 299,62 1, 4@ =
42,08 ~-28, GG 3317, 48 382,38 T B.43 -
SATELLITE YIEWING TIME RBOVE 16.80 BDEGREES 1S 8.8%2 MINUTES o o
il
i
s
J%:
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OESERVER LATITUDE IS5 38,60 DEGREES _ :

ERTELLITE ALTITURE IS 834.88 KW

IMCLIMATION OF SATELLITE ORBITAL PLAME IS 99.06 DEGREES

FERIOID OF SATELLITE IS 181,51 MIMUTES

EARTH-CENTRAL COWIC HALF~AHGLE OF EARTH COVERAGE IS 27.84 - DEGREES

SATELLITE ANGULAR YELOZITY IS 3.5% 'DEGREES PER MIHUTE
SATELLITE SATELLITE ~ SLANT RAMGE . RAZIMUTH .~ ELEVYATIOH
AMGULAR ERQUATOR T ANGLE ANGLE
POSITION . CROSSING SATELLITE
8.68 . L -15,88 3287,50 - 218.92 8,70
19,68 . -i5.80 312611 222,29 2.13
12,068 - =-15.88 2994, 20 225,94 3.54
14.88 * -15,.68 ' 2863,35 230,86 4.91
16,858 -15.66 2745, 26 234,51 6,21
15,88 -15.88 . 2641,79 239,35 o Tedl
26,58 -15. 84 2554, 79 244,57 2.47
22.86 C o ~15.88 2436, 53 250.15 9,534
26,60 ~-15.84 2409, 58 262.18° 16,35
- 28.88 - ~15.68 2403.73 268.26 , 16,42
T4, 6 -15.60 2419,87 £274.4@ 18,21
22,48 -15.80  2457.49 286.39 9,71
34,80 - -15.88 : - 2515.565. 286,13 8.95
25,98 - -15,88 - 2552, 58 291,55 .04
23,68 ~15.66 2696, 25 296,61 8,88
4B, ag ~15.066 2796, 42 391.28 S.64
42, B0 -15. 69 2%319,45 2@5.56 4,31
44,80 ‘ -15,88 3854, 12 369,48 2,94
45,80 - -15.86 . 3193.79 313,86 -~ 1.53
4. 66 -15,88 T 3851,97 31€.32 B.11
SATELLITE YIEWING TIME RROVE 1G.68 DEGREES IS 1,89  MIHUTES
v A‘” ' - Equipment Group
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; ' DBSERYER LATITUDE 1S 36.88  DEGREES | N
: SATELLITE ALTITULE 15 834.88 KN o
; INCLINATION OF SATELLITE OREITAL PLAME IS 99.8@  DEGREES -
: PERIOD OF SATELLITE IS 181,51  MIHUTES H
3 EARTH-CEMTRAL COWIC HALF-AMGLE OF EARTH COYERAGE 1S 27.84  DEGREES o
i SATELLITE AHGULAR YELOCITY IS 2.55 DEGREES PER MIHUTE -
_ SATELLITE SATELLITE  SLANT RANGE = AZINUTH ELE¥ATION -
; RHEULAR EQUATOR O ANGLE - ANGLE _
| FOSITION CROSSIHG SATELLITE T{
2. 06 16,88 - 3B18,82 269, B2 3.30
18,88 -16, 60 . 2B44.62 212,21 5,11 - :I
12,80 ~18. 66 2679, 66 215,50 6., 97
14.86 . -10.88 2524,77 219,89 &,85
16, 66 -id.89 . - 2382.32 224,52 . - 18,72

1

12,60 ~18, @9 2254, 75 229,77 12,54
26, 80 -18, B8 2144,67 235,68 14,24
22,060 - -18.88 . 2855, 62 242,25 15.72
24,80 C-18.88 1989.86 = 249.41 - 16.88
26. 60 -16, 08 1950, 91 257, B4 1T.ER
28,08 -16.69 1937.59 264,92 17.85
36, 680 -16.88 15953, 48 272.78 17.55 ™
32,86 - -18.@4 1936, 42 | 286.36 18,76 . 1
24,09 ~1@, 98 2854, 96 267. 45 15,56
36.080 -1, B8 2156.47 293,95 14.85 .
38, 08 ~-16.60 _ 2262, 63 299,79 12,34 -
40, Bi -18,88 B8%6.5% 204,98 18.52 e
4z, B -16.,86 2539,68 389,56 B.EE .

44,60 -16.060 2694, 52 213,61 5, 79 -
45, A6 -10,68 2859, 69 217,26 4, 85 :
g, pE o -1, @@ 3621.68 328,37 3,16 Ca
58,00 ~10, 08 3219.54 223,21t o 1,82

B SATELLITE YIEWING TIME AEOYE 18,88  DEGREES 13 7.33 WINUTES &

! .
S LA Equipment Group.
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OBSERVER LATITUDE IS 38.90 DEGREES

SATELLITE RLTITUDE 1S 834.88 KM

IHCLIMATION OF SRTELLITE ORBITAL PLAHME IS 99,80 DEGREES

PERIQD OF SATELLITE IS 181,51 MIHUTES _ .
EARTH-CENTRAL COMIC HALF-AHGLE OF ERRTH.COYERRGE IS 27,84  DEGREES

: SATELLITE AHGULAR YELOCITY IS 3.55 DEGREES PER MIHUTE
’ SATELLITE SATELLITE T BLANT RRHGE- ~ AZIMUTH ELEVATION
: " AHGULAR EQUATOR TO - ANGLE AMGLE
E} POSITION CROSSING SATELLITE ' '
: 4,88 - -5.088 S 3231,11. ' 193, 24 ' 1.23. i
; .08 -5.88 2827.53 195, 24 3.29 -
{ i .84 -5, 98 2B827.68 197.52 3.28
2 d2.88 o =h.88 ' . 2443,98 2@3.26 S 9.89
o 14-39 ) “5!@@ . 2253!13 2@6:91 12.41
' %; i6.88 5. 89 2892,83 211.24 15.8%
18. 068 ~5. 88 1935.79 216.44 17,28
Cea,88 0 . ~3.88 - - 1795.77 . 222.69 : 20,72
}; 22,88 -2.88 1677.18 238.17 23«40
26, 88 . =5.98 1524.83 249.061 » 27.61
p 22. 68 ~5. 808 . 14938.21 259,87 . 28.39
‘4 38.88 ~5, 86 1589.33 . 278.88 C 28.85
i 22,66 -5, 80 1556.33 . 281.31 - 26.56
T 36.80 5.8 i7ad.9@ 532, 65 21.86 o
13 38.48 - -3. 668 o 1876.,40 ' 385.38 19,64 S RN
: 48, B8 -5.08 226, 42 211,08 15.23 I
. 42,08 -5. 68 21391, 64 215.69 13.391 : 5
T . ad.pE ~5.00 . 2066.99 319.62 19,93
ik C 45,88 =5.48 B 2551.46 - 322.97 - 8,51
o 48,88 _ ~5. 86 . _ 2742.58 .. 325.83 .24 |
o8, 89 ' ~5.98 ' 2939.33 228,31 - T2 EER
5%. 60 -5, @B 5139, 84 230, 48 3.03 R
54, BE -5. 808 3243, 35 232,35 8,19 | ;_a'1
SATELLITE YIEWIMG TINE ABOVE 1B.8H DEGREES 13 3.82 CMIHUTES i

ATO o Equipment Group N
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ORSERYER LATITUDE 15 28,84 DEGREES 'é

SATELLITE ALTITUDE IS 824.88 KM e - -

INCLINATION OF SATELLITE ORBITAL PLANE IS 95.08 BEGREES - '
- PERIOD OF SATELLITE 15 181,51  HIHUTES

R S T

EARTH-CENTRAL COMIC HALF~AMGLE OF ERRTH COYERAGE IS5 27.84 DEGREES Ul
SATELLITE AWGULAR YELOCITY 1% 3.55  DEGREES PER MIHUTE ,
SATELLITE SHTELLITE SLANT RHHGE AZIMUTH ELEYATION LJ }
AHGLULAR EQUATOR TO AMGLE AHGLE
FOSITIOH CROSSIHG SHTELLITE ‘ ) REEER f?
. 1]
4,88  B.8@ 3166, 52 162, 86 1,84 -
5 qg l BB 2949.?6 18{-‘-33 4- BB . ey
TR I S 8,89 &, 88 2734, 68 184.79 ' £.33 4
i : i@, B@ a.59 2522.12 186.52 .82 i
o 1z o B.86 2313, 28 188.59 11.69
14 @B . 0,66 2169.74 i91.11 14,81 7
18, @ﬁ : H.G8 - 1913.85 194,24 18.32 % K
2@ B 6.08 1552.53 28:3. 46 26.78 o
22.99 8. BE ' 1337.65 218,47 31.74
24,006 _ 8,88 1268.568 _ 228,05 : 36.94 oK
26, A Ba.89 1173.74 223.08 41.68 '
28,6846 L 8.96 1122.23 249,71 34,73 —
28,88 G.68 1119,97 268.13 44,87 i
34,4658 &,88 1258, 36 293,39 37.48
36,88 6. 08 1384.55 368.2¢ 32.22 T
Z8.88 G. 86 1537.13 315.48 27.22 o
48, 948 a.88 172,73 320,86 22,78
4z2.88 - 9, 58 1894, 14 324,98 12.6% —
44, B8R 6. 88 2689, 24 28,22 19.158 ¥
45, A2 @, 86 2291.65 238.83 12.688 oy
43,608 o, 86 2489, 89 332.99 2,17
88 _ &.86 ' 2715, 26 324,20 . f.61
SZ2.98 |, 86 2924 ., 59 336.35 4. &6
74 .94 8.80 3139,78 337.70 2.18
56,18 A.69 3355 Fu 338.88 H, 87
SATELLITE YIEWING TIHE ABOVE 18, BB DEGREES I% 1B,15 MIHUTES :ﬁ

CCUA0 L Egquipment Group




&

OBSERVER LATITUDE IS 36,60 - DEGREES

SATELLITE RLTITUDE 15 834.68  KH

ITHCLINMATINN OF SATELLITE ORBITAL PLAHE IS5 99.68 DEGREES

PERIOD OF SATELLITE IS 181,51  WINUTES _

ERRTH-CEHTRAL COWMIC HALF-RMGLE OF ERRTH COVERAGE 1% 27.84 DEGREES

g SATELLITE AMGULAR YELOCITY IS 3.55 DEGREES PER MINUTE
]
SATELLITE SATELLITE SLANT RAMGE RZIMUTH ELEYATION
AHGHLAR ERURTOR TO AHGLE AMGLE
POSITION CROSSIHG SRTELLITE
; 4, B89 - 5.89 3197.81 176,77 1,55
. 90 5. 96 2972,82 171.19 3,76
2. 69 5, 9@ . 2749,39 171.68 5.16
10,60 5, A6 - 2527.20 172.25 8,582
12,80 . 5.80 . . 2396,94 172,96 - 11,78
o 14.86 - 5. 08 - A 2029, 54 173.82 i5.14
e 15,68 _ 5,30 1875.29 174.90 19,85
- 18, 96 5, 56 1563, 11 176.31 23,66
L 26,80 5,09 1479.85 178.25 29,25
o 22,99 5,88 1285, 34 © 181.88 36,16
£ 24, G 5.08 1121.29 185.61 44,73
25,00 .5.60 937, 30 193.97 55,34
- 28,86 . 5.80 898,90 212.95 . BEB.TD
2 28, BA 5, 60 BE7. 39 253, 94 73,81
v 30,006 5,08 anl, 49 383,33 B, 20
34, B0 5, B@ 593,61 321.37 54,72
ne 26, B8 5,08 1129, 51 229.42 44,27
0 3%, 68 5.68 - 1295,24 325,85 35,75
N 49, 98 5.00 14506, 96 236.64 23,93
. 42,60 5,80 1679.44 338.57 235,41
o 44,06 : 5, 66 - 1986.65 348, 60 18,84
i 46, 6D 5. 88 2659, 75 341,11 14,97
48,86 5, 50 ~ 2316.882 242,00 11.63
- 58,80 5.88 2536.73 342, 75 &.78
52, 66 5, 66 2758, 41 247,38 6. @5
54, GO 5, 6@ 7981, 27 343,93 3,67
5¢, 88 5.0 2284, 79 344,43 1,47

SATELLITE VIEWING TIME HBQVE ig.86 DEGREES 15 1@,71 MIHUTES

Hjﬁ .'“-'7f‘f° o R Equpment Group.
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UBSERVER LATITUDE IS 36.88 DEGREESD : o 2% v _
SATELLITE ALTITUDE IS 934.088  KH R o
IMELINATION OF SATELLITE ORBITAL PLAME IS  99.068 DEGREES o L
; PERIOD OF SRTELLITE IS i81.51 MIMUTES F
! EARTH-CEMTRARL COWIC HALF-AMGLE OF ERRTH COYWERRGE IS 27.84 BEGEEES E
‘ SATELLITE RMGULAR YELOCITY IS 2.55 DEGREES FPER HMINUTE
HE
SATELLITE SATELLITE - SLAMT EANGE AZIMUTH - - ~ELEMATIOHN i
AMGULAE EQUATOR TO AMELE AMGLE
POSITION T CROSESIHG SATELLITE )
4, BA 16, @6 - 3318.87 159,99 B.dl =
G. 08 18,66 694,22 159,63 2. 0d : — i
.88 18,69 2878, 27 159.22 4,84 o :
18,98 19,66 , 2647, 268 158.72 Tel25 i
iz. 668 - la.88 . F425,.68 198,12 i@, 13
14,0608 . 19,85 . z286.58 157.3%9 12,27 o
16.89 18,88 1999, 75 155,45 16.85 i
18,68 ' 16,688 17868.83 155,23 21,67 =
28,68 i3, 86 1376.64 153.58 26.89
24. 80 18.66 1285.86 147.57 29,85 b
24,68 ' 18,86 1856,.89 141,34 49,27
238,00 ' 18. 66 S42,93 128.84 Fa,. 27 -
22,44 1. 86 B81.91 49.41 R, 70 ks
24,489 16,68 Q45,79 : 20,45 549,92
26,06 16.88 1861.08& B.28 48,85 T
a2R,.688 18,88 1213.14 216 29,59 b
45, 88 18.66 1389.81 355.59 32,62 e
42, 85 1G.806 - 1582.68 256,28 23.93 .
44, 68 18,66 - 1738.28 354.68 26,93 T
45, 65 16.68 1937.11 352.51 - 18,75 ol
48,88 19,88 2212,91 . 352.63 12,17
' 50. 688 18,886 z2432,89 351.95 18,85 s
" ‘SE2,.8a : 16. 68 2R53. 58 251.41 T.27 Tk
: 24,806 18,68 , 2R76.59 258,98 4,77 i
: g6, B8 16,868 3188, 55 a8, 63 2.48 .
E SATELLITE WIEMIMG TIME AROYE I68,.8% ° DEGREES IS 11.28 MIHUTES : EE ;--*j
- /
; Sh
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OBSERYER LATITUDE IS 24, 86 BEFREES ;
SATELLITE ALTITUDE IS 834,80 KM e
IHI?LIHHTIDH OF SATELLITE ORBITAL PLAME IS 99.G6 DEGREES : ' P

W W WEE BN D

PERIOD OF SHTELLITE IS 1@1.51  MINUTES .
EARTR-CENTRAL CONIC HALF-ANGLE OF EARTH GOVERAGE IS 27.84  DEGREES ;
SHTELLITE AHGULAR VELDCITY IS 3,55  DEGREES PER MWINUTE !
o | | _ R
SATELLITE SATELLITE SLANT RANGE  AZIHUTH ELEWATION E
ANGUL AR © EQUATOR | 0 ANGLE ANGLE BN
FOSITION .  CROSSING SATELLITE T T I
5. 06 15, 08 3302.54 149,24 B.56 B
18.60 15, Ag g 146, 85 o a.g7
12, 56 RN 652, 60 145.34 7.29
14,00 15,80 2445, 15 143,55 5,54
. 16, BE 5.8 - 2232, 55 141,37 12,37
EE 18, 68 15,00 2030, B8 128, 68 18,15
28, 68 15, 6 1837, 13 135.27 19,85
22, B 15,60 1654, 79 136, &7 24,82
7 D4, B 15,88 1487, 92 125, B1 28,71,
1 36, B8 15,08 1242, 89 11704 33,80
. 5%, BB  15.p@ 1227.66 . . 186,11 28,87
" 20,68 15, Be 1151.89 a1, 54 4z.47
T 33, BR 15, a9 1121, 56  Fales 44,77
i) T i5. a0 1142, 67 585, 0% 43,47
. 36.08 i5. 85 1211, 75 48,91 39,66
T 335, A8 15,00 1321, 28 29, 41 34. 67
b dp.oa 15, aa 141,99 1.2 29,54
B 47, B 5. 3@ 1625, 73 14,88 24,77
44,50 15,68 - - 1885.86 ig.38 58,50
45,80 15,88 1992, 26 g. 75 16,73
43, B8 1%, o8 5199, 12 4,03 13, 38
59, 5@ 15. om P4BE, 17 1.3z 18,39 .
. S5, 68 15,6 . B6i7.7E 8.6z 7.78 i
i 54,56 15, BE 5952.55 358, 53 Sizd - i
L 56. BB i5. 60 3049, 71 257, 28 5. a3 i
SATELLITE: YIEMING TIME REOVE 10,88  DEGREES IS 1A.15  MINUTES i

e

B T I s B
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DESERYER LATITUDE IS 38,4848 DEGREES
SATELLITE ALTITUDE IS5 934,088 A o
THCLIHATION OF SATELLITE OREITAL PLRME IS 99.68 DEGREES

PERIOD OF SATELLITE IS 181,51

MIKUTES -

ERRTH-CEHTRAL COMIC HALF-AHGLE OF EARTH COVERAGE IS 27.84 BEGPEES

SATELLITE RHGULAR YELOCITY IS8 3.95

DEGREES PER MINUTE.

SHTELLITE SATELLITE SLANT RAMHGE RZIMUTH ELEVATION
ANGULAR ECLATOR TO AHGELE. ANGLE
POSITIOH CROSSING SATELLITE o
18,84 28 HE 2ind. 17 138,93 1 =1
12,86 28,806 2959, 27 124,93 -
14.88 28, @6 2759.55 132,62 £.05
16,88 | 20,80 2564, 41 123,92 . B 35
28, B3g 2. 648 2196, 44 122,95 132 4d
22,88 28,88 28238,29 118.44 16,19
29,88 28, B& 187v4.54 112,91 1s.67v
26, 88, 28, 88 1v48. 26 186,26 21,96
25, 88 26,86 1629, 44 92,28 24,67
36,66 26, B 1547, 67 85,93 25,92
32,88 28, aa 1498, 82 5. 42 28.34
34.88 - 28.88 1489, 27 6.7 31 ZB.57
36.88 28,88 1316.32 36,38 27.82
28,68 29,69 1528, 46 45,24 25,93
48, be 23,86 1576,83 37.581 22,42
42,66 28, Ba 1798, 33 38.26 28,67
44,58 26, 86 1942,23 24.17 1775
465,488 20,80 2183, 15 12,15 14,32
G8, B 20, @@ 2277, 28 15.68 12 2
28, B8 20.88 2451.63 11.34 .66
32,88 - 28, B8 2853, 92 8,88 r.g?
24,88 - 26, B8 2832.29 .17 o B3
5. 88 28,68 3855.35 4. 86 2,92
SATELLITE ¥IEWIMG TIME ABOYE 18,66 IEGREES IS5 2.62 MIMUTES
A24
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I DRSERYER LATITUDE IS 20,08 NEGREES | .
o BATELLITE ALTITUDE IS £34.88 KM | ;.i
- IMCLINATION OF SATELLITE OREITAL PLAME I8 99,60 DEGREES P
e E PERIOD OF SATELLITE IS 181,51  MIMUTES | L
i EARTH-CENTRAL COWIC HALF-AMGLE OF EARTH COYERAGE 1§ 27,84 BEGREES Fi

-, SATELLITE AMGULAR YELOCITY IS 3.55 DEGREES PER MINUTE . S
s - SATELLITE. SATELLITE  SLANT RANGE - AZIMUTH ELE¥ATION - P
e FHGLILAR EQLATOR O AMGLE AHGLE 1_1
| ;;EE POSITION CROSSIHG SRTELLITE , | o

oL i L IRSE

L lz.88 = 25,88 - J224.75 126,59 8,26 o

14,80 25,68 3135.59 124,16 2.13 5
%E 16, @@ . 25.08 2954, 12 121,25 3,95
- SEN: R \ 25.@@ 27FE. ?1 i18.1@ 5. G4
20, 66 25,88 CEELE 114,46 7.7
22, 650 2%, G 2455.24 118, 29 9,73
24, B 25, 68 2E1T, 63 185,52 11,68
26, A0 25,68 2187, 05 168,09 13,57
‘ 28,88 25, B8 - 2079, 64 93.93 15,31
T 26,98 . 25.068 1994, 65 87,87 . 16.79,
Ly 22, B8 25, B 1925, 18 79.59 17.98
34, 60 25, O 1983.73 71.67 18.58
- . 26,88 25, B 1981, 75 &3, 57 - 38,54
o 29, 68 - 25.58 1929,35 55, 61 18,81
oL 4R, B8 25, 68 - 1985, 30 48,66 16,95
: 42,08 25, B0 - 2867.24 41,12 15.52
o5 44, BB 25, 60 172,15 34,88 12,20 3
i 46, 06 25,80 #2596, 79 £9.37 11,92 g
45,08 25.88 2437, 99 24,54 L 8.97 G
- 58, 50 £5. 80 - 2E9E, 91 28,23 - 5,80 i
L g2, 84 25,88 2759, 87 16.66 6. BE 4
S 54, G0 25, G0 2534, 38 13,45 4. 16 .
N 55, B 25. @6 3117, 18 18,64 2,32
i SATELLITE YIEWING TIME RBOVE 10,08 DEGREES 1S &.7F HMINUTES
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3 DBSERYER LRTITUDE I$ 56.88  DEGREES _ a0
| SATELLITE ALTITUDE IS §34.48 KM S |
g TNCLIRATION OF SATELLITE ORBITAL PLANE 1§ 99.0%  DEGREES -
: PERIOD OF SRATELLITE IS 181.5i  HINUTES | 5
ERRTH-CENTRAL CONIC HALF-ANGLE OF EARTH COVERRGE IS 27.84  DEGREES wi
SATELLITE AMGULAR YELOCITY IS 2.55 DEGREES PER MINUTE B
L SATELLITE  SATELLITE  SLANT RANGE  AZIMUTH ELEYATION =
. AHGULAR - ERUATOR T8 . RHGLE ANGLE B
| POSITION CROSSING SATELLITE | | T
* 12,88 26, 89 214,85 111.61 1,38 BT
28,68 38, 65 3@53 65 185,25 . 2.89 e
22,060 38, 16 2912, 21 164,53 4,39 g .
24, B . 28,80 277732 168, 41 5,85 ol g
56,68 - 38, 60 2655, 95 95,87 . 7.24 |
28,88 3B.98 2558, 22 9g. 88 2.53
38, 66 28, 06 2462. 31 25. 46 g, 65
22, 6 2. 68 334,33 79,65 16,56
24,66 38, B8 2348, 13 72,52 11,19 |
36,80 - 88.88 2325, 69 67.18 11,52 |
28, BE 26,68 2325, 95 60, 78 11.51 _
48, 68 36,90 2358, 78 54, 45 11,16 |
42,008 28,90 2398, 61 48. 34 i@, 58 "y ;
44,00 20,06 . 2468.28 42,56 9.57 S
46, 68  3B.@8 2557, 88 37.18 5.43 N
48, 88 38,08 2665, 368 32,24 7.13 b
56. B8 39,00 2785. 38 27,75 5,73 ;j :
52, B8 3@, 40 2925, A1 53,68 4,26 [
54,68 - 38,80 3073, 24 20, B2 2.75
56,86 36, 60  3231.31 18,73 f.22
SRTELLITE VIEWING TIME ABOVE 16,88  DEGREES IS 3.38 MINUTES
i b
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DESERVER LHTITUDE 18 45,60 DEGREES
SHTELLITE ALTITULE 15 824.88  Ki
IMCLIMATION OF SATELLITE ORBITRAL PLAME IS 99.8@ DEGREES

e WK N N

CHTLLLITE VIEWTHG TIHE HEDVE 19,08 DEGREES I8 8.88 —  MINUTES =

PERIDD OF SATELLITE IS 181.51  HMIMUTES - :
ERRTH-CENTRAL COMIC HALF-ANGLE OF EARTH COYERAGE IS 27.84  DEGREES :
SATELLITE ANGULAR WELDCITY 1S 3.35 DEGREES PER MINUTE :
SATELLITE SATELLITE  ° SLANT RANGE  RZIWUTH . ELEYATION :
AMGULAR EQUATOR .- TD ANGLE  HNGLE 3
i[ POSITION CROSSING SATELLITE , , b
36, 6O ~25.88 . 3315.%7  26L.67 8.43 3
8. 068 -25, 68 3259, 92 265,97 .95 !
48, 56 - 26,88 321711 278,39 1.38 ;
44, Bl | ~25, B 3176.45 279,49 - 1.74 -
46, OR ~25. 56 3179, 14 284, 0 1.72 I
48, BA -25, @R 3197.17 258, £4 1,55 ;
5@, BE -25, 66 © 3236, 23 293,13 1.23 ;
52. 6@ | -25,88 - G2FT.RE 297,52 . - 8,79 N
54, 6@ ~25, 68 3329, 16 361.76 © o B.22 !
SATELLITE wIEHIHu TIHE ABOYE 18.80  DEGREES IS G.00 MINUTES E
s ' ' - " i
18 OBSERYER LATITUDE IS 45,88  DEGREES | | | L
SATELLITE ALTITUDE IS £34.88 KN . - b
o TMCLINATION OF SATELLITE ORBITAL PLANE IS 99,898  DEGREES |-
it FERION OF SATELLITE IS 181.51  MINUTES = g
i EARTH-CENTRAL COMIC HALF-ANGLE OF ERARTH COVERAGE IS 27,84  LEGREES -
_ SATELLITE AMCULAR YELOGITY 18 3,55 DEGREES PER MIMUTE - g
SHTELLITE SATELLITE SLAHT RAMGE  AZIMUTH ELEYATIOM g
- ANGULAR EQUATOR TO ANGLE. © AMGLE 2
L FOSITION CROSEING SATELLITE.
L ; ;
_ h'c*l l:'jg ) “EE‘IEE E‘IEEB- 59 Eggl 8:3 5.4‘3
it SR, BE L ~ER.BE - .32@4,33 . 243.65 . 1,48
b 32,38 ~28 .88 3999, 82 247.76 2,48
< et B -2, 55 IBEE, 33 252,13 3,48
- 36. B9 28,688 2931, 24 2565, 76 4,19
[ . 3B.08 S -Z@.mE - - 2889,7E . 2Bl.61L 4,84
i 46, BE - -2, 6 382495 265,66 5,32
; 42, 60 ~2fi, BB 27767 271.83 5,63
o 44, A6 -20, AR 2788, 48 277.88 5.73
é-%ﬁ o d4B.B@ o -EB.BE . 2P97.31 . 282,32 ... 5.63
- - 0 T -Z6. 08 . 2824.13  2B87.58 5,332
Lo CEB.@E 0 -20.88 2868, 45 292.54 4,85 5
o 52, BE ~20, 06 2929, 25 297 . 46 4,21 i
o oo BdBe o -2E.B8. . - ZEES, 48 - 382.83 . 3.43 i
; 56, BE ~2 . 6 . 3895,87 ° . 3Bs.4l S 2.52 &
; SE, Bf ~208, 08 3199,18 216,53 1,53
: ﬁi 5590 -28. 91 2313.8% 314,38 @, 46

AT - Equipment Group.
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QRSERYER LATITUDE IS 45,86 DEGREES Co ST B : o
SATELLITE ALTITUDE IS 234.88 KW

IHCLINATION OF SATELLITE ORBITRL PLRME IS 99.868  DEGREES
PERIGD OF SATELLITE IS 1@81.51 MIHUTES

ERRTH-CEWTRAL COWIC HALF-AHGLE OF ERRTH COYERAGE IS 27,84 DEGREES
SATELLITE AMGULAR YELOCITY IS 3.55 DEGREES PER MIHUTE -
. SBATELLITE - SATELLITE - SLAMT RAMNGE AZIMUTH - ELEVATION oo
- ANGHLAR EGUATOR - T AMGLE RHGLE )
POSITION CROSSING SRTELLITE °F
24, 3@ -15.88 286,43 225,14 8.71 -
26,85 - =15.68" © 3155.92 288,52 2,12 R
L BE. A . -15.80 2994, 74 222,24 2,53 il o
36, 68" ~-15.68 22654, 44 235, 31 4,98 wd |
22.88 -15.60 2746.58 240,75 5.20 5
- 24,04 ~-15. 88 PE43. 29 245,59 7.39 ™ g
6. 08 ~15. B8 2556, 11 250, 81 5. 45 '
28,80 -15,88 2486.92 . 256.38 3,23 e
46,88 ~15. 0 2437. 31 262,24 2,98 .
42,88 . =15,88 2468, 52 262.30 1@, 36 . ]
44,80 ~15,06@ 2491.38 274.47 10,46 o I
45, 88 ~-15.068 2415,83 28E, 52 18,25 .
48, 69 ~-i5.80 2451,66 286,62 9.79 tey
54, 38 -15.08 - 2587,.81 o 292.3%° o886 - . H
52.69 -15.88 2532, 96 297.85 8.12 wdo
5&, 806 -15.86 2782, 74 3B7.66 5,79 A
58, 60 ~15. 6@ 2993,79 211.99 4,48 fE
&8, g -15.688 2936, 59 315,96 .11 :
£2, A . ~15,66 3179.48 319.58 1.71 S
: SATELLITE YIEWIMGE TIME RBOVE 16.69 DEGREES IS5 1.6% HINUTES :
: ik
3 A28 - Equipment Group
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OBSERYER LATITUDE IS 45.88 DEGREES

SATELLITE ALTITUDE IS 834,88 KN '

THCLIMATION OF SATELLITE ORBITAL PLANE IS 99.68 DEGREES

PERIDD OF SATELLITE IS 181.51  MIMUTES-

EARTH-CEHTRAL CONIC HALF-AMGLE OF ERRTH COYERAGE IS 27.84 DEGREES

G -

Coid ' SATELLITE AMGULAR YELOCITY IS 3.95 DEGREES PER MIHUTE
) Iz SATELLITE SHTELLITE SLANT RANGE H’IHUTH ELEYATION ,
U ANGULAR EQURTOR o Ta ANGLE _ ANGLE i
{F FOSITION CROSSINEG SATELLLTE : ) i
o 22.498 ~19, AR 3284, 84 213,13 1.47 ;
- 24,98 - -18.6868 3E38. 406 215,89 3.17 L
P 26, B8 -19, 68 2863, 24 219.41 4,91 = |
o 22,88 - o=-19.848 2784, 94 223,14 5.67 Ay |
iy 38,85 -18,. 88 2937.22 227.324 3.44 P
! = S 32.84 -18,848 C 242,28 232.87 18. 18 gj
: 35. 34,848 -18.648 2382,33 237.36 11.54 ' E:
o A5. 80 -16, B85 2288, 58 242,24 13.36 o
38,808 ~-13. 68 2113,88 249,71 14,66 P
m 40, BA o ~1E,.88 . 2866, 47 256.68 -15;64 . §
L; - 42,68 - -id,88 20826,87 264,61 16,22 ) i
44, 88 -16.886 2819,58 271.52 {6.25 i
o 46, A& ~16, 86 C2aze, 52 2r8.93 16,81 Li
%; 42,88 . =16.840 2083.45 : 286. 18 153.25 b
d4 a8, BA ' -14, 88 2155-@@' S 292,893 14,12 ?1
o 94,848 -18, 88 3352.4? 384.78 11.13 §
e ag, 84 -16, 94 2472.47 269.82 3, dd i
w4 a8, Ba -16.98 2618.32 214,33 7.569 :
hE, 89 -1d,.948 . 2783.75 318,32 3.94 1
i 62, A ~18, 68 © 2938, TE 221.91 4, 2@ .
"_,_‘ E:q'l EEI "1@: Bg 3@99! E:? 325- 18 Es 49 '
BE. B0 -18, 89 227%. 84 227.95 a.32 :
an . . . . . B
g; SATELLITE YIEWIHG TIME ABOYE 16.84 DEGREES IS B6.7VF HIHUTES f
: ﬂ}
A-29
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QESERYER LATITUDE IS 45,88 DEGREES pL
SATELLITE ALTITUDE TS §34.88 KM : _ '
INCLIMATION OF SRTELLITE ORBITAL PLAHE IS 95.00 DEGREES
PERIOD OF SATELLITE IS 181.51 FINUTES .

COYERAGE IS 27.84 DEGREES

SATELLITE RHGULAR YELOCITY IS 3.55 DEGREES PER MINUTE

EARTH-CEMTRAL COMIC HALF-AHGLE OF EARTH

SATELLITE SATELLITE SLAWT RANGE - AZINUTH ELEVMATIOHN

AHGULAR ERUATOR TO AMGLE ‘ ANGLE o
POSITION | CROSSIHG . SATELLITE i{
{.
26,00 -5,80 3215,087 269,75 1,38
22, BA -5,88 2619,53 262,67 2,28
24, BE -5.88 - 2828,785 295,72 5. 28
EE. BB R ""5: 5@ 2643! 83 288- ?4 ?l 39 E
P8, B -5.68 2466, 49 212,24 9,59 3
26, 66 -5, 60 229%,65 216,31 11.90 iE,
32.06 -5.86 2142, 76 221,66 14,27 i
34, B6 -5,80 2081, 7% 226,62 16,66 |
32, BA -5.60 1779, 13 248, 60 21.0% ]};
4, A -5,98 1765, 44 249,85 22.78 A
42, B -5, 85 - 1661,78 258, 28 23,85 1
46, 6 -5, 80 1672,41 277.47 23,58 i
48, 0 -5, BB 1726.82 286.49 22,29
56,80 -5, @0 18092, 46 294,64 26,45 —
52,29 -5,80 1915.91 381.81 19,28 a
L 54, B8 -5, 36 2044, 27 3883, 69 15,92 -
v 56. 60 -5, B 2189.71 313,36 12,53 o
g 62, BE -5, 66 2697, 66 325,11 £.765
i £4.080 -5, 08 2883, 20 522, B4 4.70
3 65,68 ~5, B8 2074, 11 230.52 . 2,74
4 53,00 ~5.00 3269, 21 232,91 B.87
3 SATELLITE YIEWING TIME RBOVE 1@, 60 UEGREES IS 8.46  MINUTES
t
!
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DBESERYER LATITUDE 15 45,04 DEGREES _

SATELLITE ALTITURE I%5 €34.88 KH ,

IMCLINATION OF SATELLITE DRBITAL PLAME 1% 99,80 DEGREES

FERIOD OF SATELLITE IS 1#81.51 FINJTES

ERRTH-CENTRAL COMIC HALF-ANGLE OF ERRTH COVERAGE IS 27.84 DEGREES
SATELLITE AMGULRAR YELOCITY IS 3.55 IEGREES PER MINUTE

[

SATELLITE ~ SATELLITE SLANT RANGE AZIMUTH ELEVATION
ANGULFAR EQUATOR T0 ANGLE FNGLE
POSITION CROSSIMG SATELLITE

18,60 8,848 : 3321.28 i88.66 A
26,88 &, 60 2169.93 198,23 2
2280 #.89 - 29491,.688 192.83 4
=
9.

dakay”

.

24 .66 _ 6,80 2593, 22 1%4.11
26.88 . B.688 2493.64 o 198,84 ;
23,80 (5 5 : 2297.63 199.43 11.91'
36,98 H, 88 2189,81 262.98 14,82
32,08 H,868 1936.19 287,13 17.99
34,88 - S B.08 176439 212.37 C21.4z2
b 2 o) H.90 i615.81 ' 21e.92 25,872
38,88 g.B88 1489,82 227,14 28. 65
48, 39 . 9. 80 . 1392.69 237.22 31.92
42,868 - -B.E8 S1228.87 - z249.43 24,28
45, 88 B.8d 15328, 24 276. 24 24,38
48, 59 B.88 1391.43 288:33 31.9°¢
3@, 88 B, 688 1427.91 292.54 28.71
52,84 B.88 iel3, 22 386,868 25. 18
54, BE _ [, 88 i761,96 213.29 2l.49
26,98 H, 86 ' 1326, 86 o 318.66 - 13,467
28, 08 H.96 - 2183.99 322.94 14.96
HE, B9 &, 8a 22%1.049 326.45 i2.48
b, B : . B.66 2486, 57 329,138 9.33
54, BE B.8& - 2686, 97 - 331.88 R - =
5. 848 @, 8y 2391.48 333,99 4 Al
2, 86 A. #Q 2EIG, A 225.85 2,439
?@ 535 8.80 3“@8 B4 ?3? 48 .01

SHTELLITE %IEMIHG TINE HBJVE 18 pE BEGEEE? Is 9,59 | HIHUTEw
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DBSERVER LATITUDE IS 45,08

SATELLITE ALTITUDE IS 234.88
IMCLIHATION OF SATELLITE ORBITAL PLAHE IS
PERIOD OF SATELLITE IS 161.51 _ _ :
EARTH-CENTRAL COWIC HALF-AHGLE OF EARTH COYERAGE IS 27.84
SATELLITE ANGULAR YELOCITY IS 2.59

SATELLITE

AHGULAR
POSITIOH

18,68
- 28,88
22,84
24,88
26,808
T28.88
28, B4
32,06
24,88
38,88
38,44
44, 5@
42,80
44, 88
46,08
43,06
506,68
94. 68
ue. B8
38,188
66,86
62,00
66, B8
8. 85
78, 85

 SATELLITE:
EGUATOR
CROSSIHG

S BA

5. 88
3,84

- 5.84

.88
3. 88
5. 60
5. 048
a. 08
.88

.88

.89

5,80

5.00

3. BY
9. 88
d. 86

.06

DEGREES

K
MINUTES

SLANT RAMGE
TO

SATELLITE

3297, 34
JB7T. 39
2858.58
2641.39
2426, 78
2215, 68
2689.38
1816.19

- 1628,57
1444, 73

1288.55
11608, 22
1869,94

1827, 8%
- 1m38, 97

1184.34
1z212.62

- {354,182

1519.58 .
17el.68

- 1895.47
20897, 58

2385, 26

2517.237

2732, 53
2049, 33
3167, 72

2%.808

AZ THUTH

ANGLE

178.29
179.27
1gm. 39
18l.78
183.235
185.12
127.42
19@.32

199,22
286,41
216.88

232.28.

252.89
R73.63
294.20

T 2EY.23
" 316,88

322,23
22673

338.11.

23276
324.88

- 2336.54

338.13
23%.44

548,51

'SATELLITE YIEWING TINE ABOVE 18,89  DEGREES IS 18,

DEGREES

DEGREES

DEGREES PER MINUTE

ELEYATION
AHGLE

8.6l
2.7l
4,965
742
18.12
13.13
16.33
28,41
38,11
35.65
42,44
48,29
51,61
58.61
435,89
39,61 .
23,36
2¢. 74
22,87
18.66
i1.88
2.94
£ 36
4. G
1.83

i MINUTES

CAEZ
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SATELLITVE ALTITUDE IS 834.88 KW
IMCLINATION OF SATELLITE ORBITAL PLAMNE 15 99.68 DEGREES
PERIODE DF SATELLITE I% 181.51 NIHUTES '

l o UBSERYER LATITUDE 15 45,088 DEGREES
! EARTH-CENTRAL COHIC HALF-AMGLE OF EARTH COVERAGE 1S 27.84  DEGREES S

SATELLITE AMGULAR YELOCITY IS 2.55 DEGREES -PER WINUTE A
SATELLITE SATELLITE SLANT RAMGE AZIMUTH ELEYATION
. ANGULAR EBUATOR T0 ANGLE AMGLE
{; FOSITION CROSSING SATELLITE o |
1. @ 18. BA 3244, 37 167.99 @.12 |
PR . 22,88 18, 36 - 2895.71 168,74 4.56 L
o 24,88 iB.08 | PET2.45 0 159,19 7.85 A
26.06 18,69 2456, 60 169.72 %.20 .
e 28,80 . 18,88 2230, 87 170.36 12,90 LEE
o 206, 69 18,88 2014,29 171.13 15,44
ER I - gR.BB 18,606 o 1882.38 - 172,11 . 28.58 .
FR— 34, 086 16. 60 1597.62 173,48 25,52
. 36, B0 ie.98 1481.72 175.19 . 31.59 -
i 38, A8 10, B8 1221.48 177.87 39.17 |
42,68 18,06 . 941,36 191,45 6E. 41 |
44,08 16, GE 26,18 216,49 72.58 L
46,008 18, 6@ 859,16 279,98 75.28 L
o 42,86 18, 66 913,88 . 315.86 . E4,25 o s
o 59,86 16,08 1622,71 327,75 ' 52,05
i 52.60- 18. Pf 1178, 71 333.19 41,65
: 54, 606 16,09 1344.79 336.30 33.73 S
R SE.H8 18.88 S 1535.92  238.32 . 27.26 o
L 5, G0 18.88 173,27 329.76 . 22,91 e
b £6.09 16,509 1948, 14 248.85 17.65
£2,89 . 1B.68 2153.09 241,72 13,95
54,08 10,86 2381.58 a42.42 . 108,73 |
66 .55 16,88 26082, 29 342,44 7.8 |
65. 85 16,88 2824.62 243.57 5. 33 |
79. 05  18.89 - 3047.98 344, 63 2,88 |
. 72,68 o i8.8 . 3271.69 344,45 8.8 e
SATELLITE YIEMING TIME RBOYE 16,88  DEGREES IS 168.7:  MINUTES . ;f!
R
B
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DEBSERYER LATITUDE I35 45,88 DEGREES i
. SATELLITE ALTITUDE IS 834.88 KW
ji - IHCLIHATION OF SATELLITE ORBITAL PLANE IS . 9%.@8  DEGREES o
. PERIOD OF SATELLITE IS 1@1.51 HIHUTES _ :
i EARTH-CEXMTRAL COWMIC HALF-AMGLE OF EARTH COYERAGE IS5 27.24 DEGREES L
; _ SATELLITE AMGULAR YELOCITY IS 3.55 TEGREES PER MIMUTE :

SATELLITE  SATELLITE  SLAHT RANGE  -AZIMUTH ELEVATIOHN L
HHEULAR EQUATOR T0 AHGLE ANGLE
POSITION - CROSSING . SATELLITE - |

S 22.85 15.88 ' 26863, 39 157.64 3.39
4,60 . iS.88 2785, 23 1573l 5.76
26,66 15,89 2O62.38 196,92 g.38
29,0808 13,98 2341.29 156.43 11.29
38.98 - 15,80 3 Z2122.65 155.69 14,68
34.88 15.6898 - 1698.98 153.91 : 22,94 :
56,808 15.68 1498, 15 -152.38 28.3% n
38, 80 15,98 13689.865 156,12 325.14 fi
46, 56 15.08 1145, 48 146. 46 A3.68 b
42,80 A 15,086 - 7999, 92 139,68 -~ 54011 '
dd,BE 15.60 961,97 124,89 BE. 12 -
45,88 15.40 8561.42 . 8B.45 . 74.57 o
42.80 15,08 286,22 28,14 65,93 b
58,88 15,890 - -871.35 0 g.d7 . . DEJ/8% '
52. 688 15,868 1182,83 ‘8,87 43,99 ' ﬁ;
54. BE i5.08 1266, 16 355,88 37,84 .
Se.88 15.68 1450, 44 353.39 29,32
55,88 15.89 . ig4E.47 . 35L.75 24,18 . o
56, 99 i5.808 - 1855.64 358.69 o 19.45 s
B2.88 15. 68 2868.92 : 349.77 13,49 o
&4, 68 15.08 2286.33 349.14 ‘1z.87
e6.oB . 15.89 - 2506.95 Zamer 0 s8¢ - 0T
53, 0B 15,408 272931 343,320 ' CE
v8.80 19.89 2952.,38 248,61
72.86 15,89 3177.22 347.78

Lo

o

»

= T

ol W0

a0

SATELLITE YIEMIMG TiHE ABOVE 18.89  DEGREES I8 18,71  HMIHUTES - o
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-
! I OBSERYER LATITUDE IS 45,80 DEGREES
- , SATELLITE ALTITUDE IS 934.60 KM
- INCLINARTION OF SATELLITE OREITAL PLAHE IS 99,90 DEGREES
oL & PERION OF SATELLITE IS 181.51  MIHUTES _
L EARTH-CEMTRAL COMIC HALF-AHGLE OF EARTH COVERAGE IS 27.84 DEGREES
o SATELLITE AMGULAR VELOCITY IS 2.55 DEGREES PER MIMUTE
- ;;:I “S8ATELLITE SATELLITE - SLAMT RAMGE AZIMUTH ELEYATIOHN
o AHGULAR EQUATOR: Ta AHGLE AMGLE
-:EE FOSITION CROSSIHG SATELLITE A
o C 22,88 20,66, - 3198, 59 - 147,51 - 1.6l Gud
g, 24,006 20,080 2969, 92 146,58 3.79 o
i EE 26. 60 26, 69 3750, 66 145,49 5,15
o 28,64 - 28,60 2532, 51 144,19 2. 74
L 20, B8 . 28.08 2319.28 142,61 11,68
T 32,68 - 20,08 : 2109, 43 148,65 14,81
3 34,80 20. 5@ 19065, 54 138,17 12,47
36,60 2B.68 1716.060 134,93 22.67
o 38,68 20,88 1526, 39 138.5% 27.54 g
T 1 5 26,88 1359, 81 124,53 32,14 ,
i 42, Al 29, 909 1217.55 115.76 39, 36 o
44, Bi 26,80 1199, 28 192,80 45,57 3
L m : 46, [g -~ 2B.B8 1645, 54 84,38 50, 16 ‘
I 48,88 - 20. 86 1634, 91 B2.22 5{.82 o
o 5@, 60 28, BE 1878, 91 41.89 47,64 ‘
E 52,60 20, 60 1171, 34 - 25.91 41.81
PR 54,00 . 28,00 1201, 34 16,74 35,48
R 56,08 28,84 1450, 89 9,808 29, 68
T 52,060 : 28,50 1637.96 4,91 24,45
G 60,88 26,08 - 1829,39 1.22 28,81
SERE 52, B . 26, AR | 2036,49 353,62 16,16
Lo 54, [l 28,90 . 2238,39 356.51 12,74
5 66,08 26,608 2451,13 394,84 9,80
o 68, Bf . 28,60 T 2EE7.31 353,48 7.1l
L 78,68 28,68 2285,93 252,36 4,67 o
S 72,08 20, e 3186, 22 351,43 2.4z o
o5 %g- SATELLITE WIEWIMG TIME ABOYE 18,88 DEGREES IS 1#,1% MIHUTES
: f_' |
SN
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OBESERYER LATITUDE 1S 45.88
SATELLITE ALTITUNE IS 224,68

ki

DEGREES -

ITHCLIHATION OF SATELLITE ORBITAL FLAME IS5 99.08

FERIND OF SATELLITE IS5 181.51

SATELLITE

AMGULAR
POSITION

24. 88
25, BA
28, B@
29, 86
28, 88
3. HE
2E. 40
28,88
4. aa
42, HE
44, 6@
45, 88
4¢, 08
54,88
52,89
S4, B9
b g G
F&.08
Gl B8
&d. 80
G, S
53, BB
TE2. 58

SHTELLITE
EGLUATOR
CROSSIHG

23.88 -
25,88
25,88
2%, 68
25, 88
2. 88
25,88
25,08
25,88
25.688
25. 94
23 . 85
25,88
25,88
25, 06
25,86
25.84
25, G
551 BE
25.86
25,86
23. 808
25. 88

HIHUTES

SLAMT RA
SATELLI

B212.63
2999, 51
2759, 64
2583, B3
2321, 37
2186, 16
1939, £3
1524.74
1665. 48
1526, 79
1415, 16
1337, 45
1299, 92
1206, 85
1355, 26
1442.13
1563, 63
1705, 12
1872, 38
2A51, B4
2246, 47
2437.95
2641, 45
2649, 48
FHED. 85

BHTELLITE VIEWING TIME ABOYE 18.0%9

=

DEGREES

EARTH-CEHTRAL COMIC HALF-AHGLE OF ERRTH 'COYERAGE 15 27,84
SATELLITE RHGULAR YELOCITY I5°3.5%

DEGREES PER MINUTE

HGE ~ RZIM
TO -

AL
TE

13¢
135,
1-.!-!

1-.'1

129.
126,
122,
117,
112,
184,

935,

UTH

LE

18

65

87
Y

235
24
91
gy
63
27

23.v7

- 78,
13
43,
33,
24 .
17,

353,

26

28

98
H7
27
35

.98
33

27

DEGREES IS 9.59

IEGEEES -

ELEYATION
AMGLE

1.48
2.48
5,71
2,12
18,73
13,48
156,79
268.18
. 23.78
2723
31,12
. 34,81
25,55
35.26
23.32
26,18
PE.42
22.71
19.12
19,86
12.v8
=Y q?

B L0~
o
=J Ty TS

MIMUTES
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DBSERYER LATITUDE IS 45,98 DEGREES

SATELLITE ALTITUDE IS 234.88  KH

ITHCLIMATION OF SATELLITE ORBITAL PLAME 1% 99,89 . DEGREES

PERIOD OF SATELLITE IS 1@1.51  HMIWUTES | '
EARTH-CEMTRAL COMIC HALF~-AHGLE OF EARTH COYERAGE 1S 27.84 DEGREES

SATELLITE AMGULAR VELOCITY 15 2.53 DEGREES PER MIHUTE
BATELLITE SATELLITE SLAMT RAMGE AZIFUTH ELEYATION
AMGULAR ERUATOR 10 AMGLE AMGLE
. POSTTION CROSSING SATELLITE
25, B4 38,89 . 3294, 33 127.29 A, 54
28, @i 28,80 FH92, 89 125.28 2.55
36,88 36,88 2893, 82 122,98 4,58
32,498 . 2@,.pa 2788,.75 ted.21 - G.72
b s [ 28,88 2ai4, 38 i1v.21 g.98
36,84 48,88 ‘ 2338, 57 112,38 11,36
28. 8@ 29,88 2169.71 169,23 3.984
43, B8 3. 68 2E16.75 184,18 _ 16. 46
42,84 38,89 1221, 323 33,88 18.94
44, BE 36,86 17EY . 68 - BE.BE 21,34
48,88 368,88 1686,39 f2.50 23,38
43, B9 25, 8@ C O iIRE3.B7 TR L 24,82
9%, 88 28,80 15@1, 44 62,29 ' 25.41
a2, 0 28, 846 1614,.3%9 38.23 295,85
6. B8 S 36,88 1742.14 29.13 21.92
58,848 28,08 1849,45 ' 27.a9 12,39
ol BB 36, BE 1979, 73 21.2%9 17,98
B, B8 A6.88 2128.78 15.92 14,548
@k, HE 28,88 223z, 64 11.44 11,32
B, B 2. 8d - 24e8,22 F 1] HLAT
&8, 08 38,88 2653, 81 4,44 Te.22
v, 8E 28, B8 2845,91 1.71 J.11
e, Ha 26,08 IE42. 82 399.38 _ .45
SATELLITE YWIEWIMG TIME ABOYE 18,08 DEGREES 1% &.48 MIMUTES
- A37

Equipment -G[‘O.up

o

i
H
i
|
i
i




1@ REM THIS PROGRAM COMPUTES AND PLOTS THE AZIMUTH AND ELEVATION ANGLES }
28 REM NECESSARY TO LOCATE A .SATELLITE IN A CIRCULAR ORBIT. THE FOLLOWING ob
38 REM PRRAMETERS MUST BE INPUTtOBSERVER LATITUDE, L8y (@<ANGLEC9@)% INITIAL

46 REM EQUATOR CROSSING LONGITUDE RELATIVE TO OBSERVERs E@y (EAST IS +)» RHGLE

S0 REM BETWEEN ORBITAL PLANE AND EQUATORIAL PLANE, P8y AND THE X =
66 REM (LTITUDE OF THE SATELLITE IN KMy K. THE FOLLOWING DRTA IS PRINTED:

74 REM THE PERIOD OF THE SATELLITE» THE RNGULAR VELOCITY OF THE SATELLITE w[
8@ REN (DEGREES PER MIN)» OBSERVER LATITUDEs SATELLITE EQUATOR CROSSING

90 REM LONGITUDEs SLANT RANGE TO SATELLITECKM)» AZIMUTH» AND ELEVATION.

Lo REN THE INDEPENDENT YARIABLE IS THE SATELLITE'S ANGULAR DISPLACEMENT

118 REM ABOVE THE EQUATORIAL PLANE, THE INITIAL VALUE FOR THIS ANGLE IS

120 REM COMFUTED FROM SATELLITE R#TXTU E AND OBSERVER LATITUDE. THE AZIMUTH .[

120 REM AND ELEYATION CAN BE PLOTTED ON POLAR PAPER. THE LOMER LEFT CORNER
140 REM 15 225 DEG RZIMUTHs 127 ELVS THE UPPER RIGHT CORNER IS 45 DEG AZ»
;50 z{g 127 Ei v, THE MINIMUM ELEVATION ANGLE IS DESIGNATED R9.
Kt 1 .
70 FINED 2
156 SCALE ~98)3@,-90 90
198 PEN
206 DISP "L® EQUALS"}
212 INPUT LA
220 DISP “EQ SQUALS"S
238 INPUT EO
240 DISF 'P@ EQUALS™S :
25 INPUI PO : i
260 DISP “H ENUALS"S
270 INPUT H .
238 DISP A3 EQUALS"I

23@ INPUT RS
380 RYU=c370
310 Gi=8.0098062
320 W1=8.25
%308 E1=-E0
340 R=RO+H -
350 T=2#P1-60+SQR(KT3/(GO*RDT2)) ¥
368 0=RTH(SQAR(1~-(RA/R)I*2)/(RO/R) :
370 W=350/T : .
. 350 PRINT "OBSERVER LATITUDE IS°LG" DEGREES"
396 PRINT “"SATELLITE ALTITUDE IS"H" KM”
40@ FRINT “INCLINATION OF SATELLITE ORBITAL PLANE IS "P@" DEGREES" T
410 PRINT "PERIOD OF SATELLITE IS"T" MINUTES"
426 PRINT "EARTH-CENTRAL CONIC HALF-ANGLE OF EARTH COVERAGE 150" DEGREES” il
438 PRINT “"SATELLITE ANGULAR VELOCITY IS"W" DEGREES PER MINUTE"
440 FRINT
450 PRINT
469 PRINT “SRTELLITE SATELLITE SLANT RANGE AZIMUTH ELEVATION"
478 PRINT "ANGULAR EQUATOR TO ANGLE HNGLE
488 PRINT "PGSITION CROSSING SATELLITE "
498 PRINT .
508 F=@
516 AB=90-L8 -
520 XO=RO*SINCAB) : .
S30 Z8=RO*COSCAB) ‘
546 C=10%CINTC(LO-0)/18)) ) B
550 E=E0-W1/WeC .
5608 X=R#(COSCCHI#*COSCEY-SINCCI*COSCPBI+*SINCE))

578 Y=R#(COS(CI*SINCEI+SINCC)*COS(PB)*#COSCE)) : -
588 Z=R#(SIN(C)I#SINCPE)Y) ;
590 X1=X-¥6 ]
€0n 21=2-20 e

€18 RI=50R(X1T2+Y12+2112)
628 RZ=K1#COSCAB,-Z1+SINCAB) .
630 22=Z1*COS AB)+X1+SINCAA)
€42 A1=ATH(SOR(1-(22/R1)%25/(Z27R13) .
€5A IF 22<@ THEN &18

: €60 A2=90-A1

g 670 BI=ATH(Y- H2)

Y 630 IF X2>0 THEN 730
698 IF Y»>0 THEN 2@
700 Bi=B1-188

2 710 GOTO 738

; 720 B1=B1+188@

2 738 B2=188-B1
748 B3=70-B2
750 IF (A2-A9><0 THEN 778
760 F=F+1

¥ 778 M=A2:%C0OS(B2)

2 788 N=A2+SIN(B3)

: 790 PRINT Cy»E@R1:B2yA2
880 PLOT MsNs-2
810 C=C+2z
220 IF C>(LB+0)> THEN 848
630 GOTO $5@
848 J=2#F- W

¢ 258 PRINT

# €60 PRINT "SAIELLITE VIEWING TIME ABOVE"A9" DEGREES 1S5"J" MINUTES"

Z 878 PRINT

i 530 PRINT

890 PEN

908 E0-EQ+S

916 IF E@ E1 THEN 938

a2e GOTO 3809

530 END

il
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5 IF EE?EI THEN 930

REY THIS PROGRAM COMPUYES -ANI PLOTS THE AZIMUTH AND ELEVATION RANGLES
REH NECESSARY TO LOCATE A.SAYELLITE IM A CIRCULAR ORBIT. THE FOLLBMING .
REM PARAMETERS HUST BE INPUTIOBSERVER LATITUDE: LBy (OCANGLECSB)' INITIAL-
REM EQUATOR CROSSING LONGITUDE RELATIVE TO DBSERVERs EBs C(ERST IS +3 HHELE
REM BETHEEN ORBITAL PLANE AND EQUHTURIHL PLANE) P@s AND THE

REM ALTITUDE OF THE SATELLITE I s Heo THE FOLLOWING DRTA IS PRINTED!
REN THE PERIOD OF THE SﬂTELLIFE- THE HNGULAR VELOCITY OF THE SATELLITE
REN ¢DEGREES PER MIH)s OBSERVER LATITUDE) SATELLITE EQUATOR CROSSING '
REM LONGITHDE. SLANT RANGE TQ SATELLITECKM)y AZIMUTHs AND ELEVATION.

REW THE INDEPEMDENT YARIABLE 15 THE SATELLITE!S ANGULAR_DISPLACEMENT

REN RABOVE THE EQUATORIAL PLANE. . THE INITIAL VALUE: FOR THIS ANGLE 1S

REN CANFUTED FROM SATELLITE Rl TITU € AND OBSERVER LATITUDE. THE AZIHUTH
REW RND ELEVATION CAN BE PLOT POLAR PAPER. THE LOWER LEFT CORNER
REM IS 223 DEG AZINUTHs 127 ELV: THE URPER RIGHT CORNER IS5 45 DEG RZ»
REN 127 Eiv, THE MINIMUM ELEVATION AMGLE IS DESIGHNRTED A9, -

* DEG
B FINED 2

SCALE -98,98:-90:98
PEN
DISP "B EQUALS"}
THPUT LB
DISF “"E9 SQUALS";F
INPUT E@
DISP "PB EGUALS™ 5
INPUT P
Disp “H EﬂUﬂLS i
INPUTY H
DISP "A9 EQUALS"}
THRUT A9
RO=E370
GY=8, BaYBVE2
H1=G.25
s-E§
R RB+H
T-EiPIJEG*bGR(RTSI(GB*RB?Z))
G=ATHC(SAR(1-{RO,R}12)/(RB/R)
W=360-T
PRINT "OBSERVER LATITUBE 1S°L0" DEGREES"
PRINT “SATELLITE ALTITUDE IS"H" KM"
PRINT “INGCLINATION OF SATELLITE ORBITAL PLANE IS "P@" DEGREES®
PRINT "PERIOD OF SATELLITE 1§"T" MINUTES"
PRINT "EARTH~CENTRAL CONIC HALF-RNGLE OF EARTH COVERAGE IS"G" DBEGREES"
gs}ﬂ; "SATELLITE AHGULAR VELOCITY IS"W" DEGREES PER MINUTE"
PRINT .
PRINT “SATELLITE SATELLITE SLANT RANGE RZIMUTH ELEVATION"
PRINT “ANGLILAR EAUATOR TO ANGLE HHGLE T
PRINT “POSITION CROSSING SATELLITE "
PRINT .
F=8
AB=90-_6
RKB=RB=SINCRG)
Z@=RO=COS{ABY
C=18%(INTC(LO-0)/1B))
E=EH-W1/H*C
H=R#{COSCCI4COSCEN~SIH{C)SCOSCPBI*STNCEY)
YeR:(COSCEI S IHCEY+BINCCI=*COS(POY #COSCED >
2=Rx(SIH(CY#8THCPBY)
Ki=X-HB
Z21=2-28
RI=50R(R1IT2+Y 2421120
H2={1*C0S(RBI-Z1*SINCAB)
22=215COSLABY+RK1+SIHCABY
H1~RTN(SBR(! (Z22/R1D123/7¢227R1 N
IF 2248 THEN 8iB
A2= 93 -A1
Bi=ATH(Y- H2)
IF X2>0 THEHN 738
IF ¥>0@ THEN 720
B1=B1-188
GOTO 736
Bi=Bl+180
B2=186-B1
B3=90-B2
IF (A2-A9)<Q THEN ?78 .
FsF+1
1=R2%COS(B3)
N=FA2+S1IN(B3)
PRINT C1E@4R1yB25R2
PLDT {13Ns» -2

) C=C+&

IF C>(LB+0) THEN 848
GOTD S50
J=2EF Al
PRINT
SE{ﬁT “SATELLITE VIEWING TIHE ABOVE“A9" DEGREES IS"J" MIHUTES™
PRINT
REN
Ea=EQ+5

GATO
END
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APPENDIX B
AIRCRAFT NATIONALITY MARKS

This appendix lists all such NationAaIity Marks listed by ICAO as of 31 May 1974. Section A
lists the inarks in alphabetical order of States, Section B lists the marks in alphabetical order of the
Nationality Marks. . A . .
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List of_Aircraft-Natiunality.Marks Notified to ICAQ up to 31 May 1974

A. Arranged alphabetically in order of States

‘Afghanistan
‘Algeria
Argentinacz)
Australia
Austria

Bangladesh
Barbados
Belgium
Bolivia
Botswana
Brazil
Bulgaria
Burma _
Burundi -

Canadafl)

Central African Republic
Chad ' '

Chile

China

Colombiz

Congo, People’'s Republic of -
Costa Rica

Cuba(3)

Cyprus

Czechoslovak Socilalist Republic

Dahoney
Democratic Yemen
Denmark

Dominican Republic

Ecuadox

Egypt, Arzb Republic of
El Salvador
Equatorial Guinea
Ethiopia

Fiji

.Finland

France

Gabon
GCermany, Federal Republic of

" Ghana

Greeao
Guatemala
Guinea
Guyana

Haitd
Honduras

- Hungary

YA

T

LQ,LV
VH,P2
‘OE

52
8r
oo
cP
A2
PP,FT
1z
XV, X2
Coag

C,CF
TL
T
cC

B
HK
TN
TIL
cu
5B
OK

Y
70
oY
HI

HC
su
¥s
3c
ET

DQ
on
F

TR
D
9G
8¥
TG
3X
-8R

HH
1k
HA.

Iceland

India

Indonesia
West Irian

Iran .

Iraq

Ireland

Isrzel

Italy

Ivory Coast

Jamaica
Japan
Jordan

Kenya

Khmer Republic
Korea, Republic of
Kuwait

Laos

Lebanon

Lesotho

Liberia

Libyan Arab Republic
Liechtenstein(2,4)

TF
VT
PK
PK

EP
YT
E1,EJ
4x

1

TV

6Y
JA
JY

5¢
Xu
HL
9K

X
oD
Fiy
EL
54
HB

plus national emblem

Luxembourg

Hadagascar
Halawi
Yalaysia

"Mali

Malta
Mauritania
Mauritias
Mexico
Honaco
Morocco

Hatri

‘Nepal

Netherlands, Kingdom of the
Hetherlands Auntilles
Surinam

New Zealand

Nicaragua(2)

Niger

Nigeria

‘Norway

Qman

:Pakistan

LX

SR

ZK,ZL, 24
AN

1 H

5N

oI

440

AP .
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] Panama . HP | Tanzania, United Republic of 5H
Paraguay : ) ZP } Thailand . HS
Peru ' : 0B | Togo 5V
i Philippines(2) Rp | Trinidad and Tobago 9y
Poland SP | Tunisia ’ o TS
Portugal i CR,CS | Turkey TC
| . Qatar A7 | Ugonda 5%
Union of Soviet Socialist Republics(z) ceep
: Romania . YR | United Kingdom G
o Rwanda _ - , 9XR . Colonies and Protectorates VP,VQ,VR
. ' United Republic of Camerocn TJ
Saudl Arabia HZ | United States N )
Senegal 6V,6W | Upper Volta XT
, Slerra Leone 91, : Uruguay cx S
! . Singapore .oy . . : ‘ . a
Somalia " 60 | Venezuela W !
South Africa 28,27,2ZU | Viet~Nam, Republic of XV x
Spain . EC ! }
I‘ - 8ri Lanka . . 4R | Western Samoa 59 .
Sudan : ST ' T
Swaziland ] 3D | Yemen 4W i
r Sweden SE | Yugoslavia Yu |
i _ Swil_:zerland(z"') HB . |
o - L " plus national emblem | Zaire, Republic of R 9 G |
Syrian Arab Republic YK | Zambia 9J B -'-%
|

B. Arranged alphabetically in order of Nationality Marks

AN Nicaragua (2} F France : .

AP Pakistan '?

! A2 Botswana : G United Kingdom o

it A7 Qatar _ - S
A4LD Oman HA Hungary .

: HB Switzerland(2,4) |

T B China 4national emblem -
Sy ) HB . Liechtenstein(Z»‘*) . J
' c,CF Canada{}) | 4national emblem = o
. cc Chile HC Ecuador -
: ;T ccep Union of Soviet Socialist HH Haiti -
. Republicsfz) HI Dominican Republic -
P cN . Morecca . : HE ‘Colombia” _ ey
o cr Bolivia HL Kerea, Republic of i
i' -CR;CS Portugal . HP Panama .
(b cu Cubal3) HR Honduras 1

. X Uruguay _ HS Thailand - o i

'\1]: cZ Nauriu : - - 'HE Saudi Arabia o

LE D Germany, Federal Republic of I Italy |
DQ Fijd N

t : : o JA Jspan s
:I EC Spain JY Jordan 1

. EL,EJ Ireland S

N EL Liberia LN Noxrway L

A Er _ Iran : . L Ly Arpentina ]
% o ET < Ethiopia - : LX ) Luxemboutg L
1.2 Bulgaria ; 1
y B ;
$ II . .
i P
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VH,P2
VP,VQ,VR

VT

XA,XB,XC
XT :
b4

v

Xu

RY, X2

YA
YI
YK

United States

Peru

Lebanon
Austria
Finland

' Czechoslovak Socialist Republic

Belgium
Denmark

Netherlands, Kingdom of the
Netherlands Antilles
Indonesia

West Irvian

Brazil

Suiindm

Philippines(2)

Sweden

Poland

Sudan

Egypt, Arab Republic of
Greece

Bangladesh

Turkey

Tceland

Guatenala

Costa Rica

United Republic of Cameroon
Central African Republic
Cengo, Pecple's Republic of
Gabon

Tunisia

Chad

Ivory Coast

Dahomey

Mali

Australia(z)
United Kingdom

Colonies and Protsctorates
India

 Mexico

Upper Volta

Khmer Republic
Viet-Nam, Republic of
Laos

Buma

Afghanistan
Iraq
Syrian Arab Republie

YR
p4:]
YU
v

ZK, ZL. w
zZP
28,2T,20

3A
3B
3c
3D
3%

4R
&W
34

54
5B
SH
SN
5R
5T

B4

Romania

El Salvador
Yugoslavia
Venezuela

New Zealand
Paraguay
South Africa

Honaco

HMauritius
Equatorial Guinea
Swaziland

Guinea

S8ri Lanka
Yemen
Israel

Libyan Arab Republic
Cyprus’

. Tanzania, United Republic of

Nigeria
Madagascar
Mauritanic
Niger

Togo

Western Samoa
Uganda

Kenya

Somalia
Senegal
Jamaica

Pemocratic Yemen
Lesotho

‘Malawl

Algeria

Barbados
Guyana

Ghana

Malta

Zambia

Kuwait

Sierra Leone
Malaysia

Nepal

Zaire, Republilc of
Burundd :
Singapore

Rwanda

Trinidad and Tobago




NOTES:

1, (a) Nationality Mark "CF" will be phased out in early 1980s.

(b) Under Nationality Mark "c" allocation of registration marks is limited to the series
C-~FAAA to C-KR22Z,

2, This mark differs from the provision in 2.3 of this Annex.
3+ This wark is not yet officlally confirmed,

4. For national emblems of Liechtenstein and Switzerland, see below,

The nationality wmarks appearing on the alrcraft consist of a group of characters and
the national ewblem.

The "group cf chiaracters of the nationality marks" appe -8 in lieu of the nationality
marks on the wings and either on the fuselasge or on the upper halves of the vertical
tail surfaces, In addition, ’

- in applying 3.2,2, the national eublem which forms part of the nationality
matks is attached to the basket suspension cables.

- in apﬁiying 3.3.2, the national emblem which forms part of the nationality |
marks appears on both sides of the vertical tall surfaces or on the outboard o
sides of the outer tail surfaces,

e NS T e

T

NATIONAL FMBLEM OF NATIONAL EMBLEM OF
SWITZERLAND {IECHTINSTEIN
i
3 T
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