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PREFACE

This report is submitted by RCA Limited to the Department
of Industry in compliance with Section 4.2 of the Statement of
Work forming part of D.O.l. Contract, File No. IRA, 9122-03-4.

The report is in six volumes, namely:

Volume 1 Design Considerations

Volume 2(a) Spacecraft Design ~ Electrical
Volume 2(b) Spacecraft Design = Mechanical
Volume 3 Technical Appendices

Volume 4 Program Plan

Volume 5 Program Costs

The information contained in the report is supplied to
Her Majesty for use solely in connection with the design, develop-
ment, manufacture, operation, repair, maintenance and testing of
a Canadian Domestic Satellite Communication System.
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ANTENNA GAIN REDUCTION DUE TO SATELLITE DRIFT

The satellite longitude drift and the orbit inclination can be taken as

+ 0.1°.

The apparent antenna pointing error due to satellite drift can
be taken as 1.1 x drift for St. Johns, Newfoundland, located near the
edge of the beam with the satellite located 105° west longitude.

(If the satellite is located at the same longitude for a station like

Winnipeg, the pointing error is 1,12 x drift).

Resultant drift for longitude and inclination,
S22 e (1)

+ longitude drift

d

where 1
i = 4 inclination drift

Therefore, pointing error, g =1.1 v/l2 -+ 12 ---------- (2)

Since the shape of the earth station antenna can be taken as parabolic

up to 3 db point, the gain reduction can be taken as:
R = 3¢2 & e (3)
5 a

where ¢ = angle off beam axis or pointing error

#3 gp = one half of full 3 db beamwidth

R -3 . qa JETER
aZ
3 db
= 3.63 (12 + iZ) __________ (4)
2
¢3 db
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If 1 is taken as + 0.1° and ¢ is taken as + 0.285° for a 30-ft. dia.

antenna,
R = 44.75 (0.01+ i2)
= 0.4475 + 4474 1% e (5)
R = 0.895 db for i = + 0.1°

R is plotted for a 25, 30 and 40 ft. diameter antenna for a fixed
longitude drift of + 0.1° in Figure A-1. If the longitude drift is
decreased to + 0.05°, the gain reduction is decreased to 0,56 db for a

30 ft. dia, antenna.

Increasing G/T by increasing antenna diameter has the side effect of
narrowing the beam and hence causing a greater loss for a fixed angle
off-axis. The following calculations are for a 5° elevation angle and
4,20 GHz. A noise temperature of 150°K is used. The noise temperature
will vary somewhat with size, however the greates contribution does not

depend on antenna size.

T = 150°K at 5° elevation, 4 GHz
G = 19.6 + 20 logyg»  memmmmmeees (6)
G/T = 20 loglo D-2,16db  seeseseaea (7)

Losses due to fixed angle off-axis from (3)

R = 3¢2

2
q3 db

The 3 db beamwidth @3 gp can be taken as (3 gp = 8.2/D mmmmmmeeee (8)
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If ¢ is taken as 0.156° (0.1° station keeping, 0.1° inclination,
antenna at 50° latitude),

then R = 0.00109 D2.
Therefore, G/T = 20 logjq D = 2.16 - 0.00109 D  ____oo___ (9)

This equation is plotted in figure A-2,and it can be seen that maximum
G/T is reached at D~66'. This is not precisely true, in that the above
relationships of db reduction due to off-axis angles do not follow a
square 1 dw after the 3 db point. This means that the optimum size is

larger than indicated.
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POINTING ACCURACY OF 30 FT. DIA, ANTENNA

A station with 3 30-ft. diameter antenna can be considerably simplified

if it can be shown that a servo-controlled antenna is not required

Discussions with antenna manufacturers indicate that the pointing error
of a 30' antenna would be approximately 0.02 degs (.34 mr) due to dead
load and wind load. Given that the pointing error in winds of 45 mph
gusting to 60 mph for a 95' antenna is 0.7 degs, and that the wind torque
is approximately proportional to the third power of the diameter, the
figure of 0,02 degs appears to be conservative although it is not known

what cost/error trade-offs could be made.

To the antenna pointing error must be added the pointing error due to

non-standard propogations which is estimated as + 0.4 mr, for a 59

elevation angle. This will be reduced considerably for greater elevation angles,

hence + .4 mr is a conservative estimate.

Antenna pointing error = .02° = .34 mr
Non=-standard propogation = 4 mr
TOTAL = ,526 mr

Non standard propogation only affects elevation, azimuth error will be

.34 mr.

Total pointing error .626 mr
= .036°

This peak error (30’) will result in a loss in antenna gain of 0.048 db.




No other error sources are included, as, if a non-steerable antenna is

chosen, the alignment would be done by peaking the received signal. It
might be necessary to provide an angular read-out, but this would read

incremental rather than absolute angle to facilitate finding the centre
of the received beam. Hence, alignment errors do not contribute to

pointing error and the servo and encoder errors are eliminated.
Total estimated gain reduction due to pointing is then 0.048 db.

One firm indicated that the RMS surface accuracy under winds of 45 mph

gusting to 60 mph would be approximately .060 ins,

Ruze's formula gives a gain reduction of ,32 db due to this at 4.2 GHz.

A gain reduction at a 3 sigma pointing error coincident with maximum
satellite drift of 0.048 db is predicted. To this must be added further
0.32 db due to surface inaccuracy, which results in a total loss of

0.368 db for about 0.03%. Because of the large contribution of refraction
to the pointing error there seems to be little point in reducing antenna
pointing errors below those predicted. Cost of a suitable antenna appears

to be apprximately $50K in the presently envisaged quantities.
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VARTATION OF PATH LOSS WITH ELEVATION ANGLE

Two components that contribute to total path loss are free space
attenuation and atmospheric attenuation, both of which are a function

of elevation angle.

The path loss can be calculated from the path length. From the
geometry of Figure A-3, the following equation can be written for

path length between a point on earth and the satellite.

R' =/r? sin®0 + R* +2rR - 1 Sin®  -eeeeceee (1)

where the symbols are defined in figure 1. The path loss due to path

length can be calculated from:

Ldb = 36.58 + 20 log £ + 20 log R' = ==m=mmeme- (2)
where £ = frequency in Megahertz
R = path length in statute miles

Atmospheric attenuation depends on the atmospheric model used. For
the purposes of this study, the following equation will be sufficiently
accurate:

A db = 0,038 wvalid for ¢ >5° mmmmeeeees (3)
sin ¢

where ¢ is the elevation angle.
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From spherical trigonometry the following relation holds on the surface
of a sphere,

Cos © = Cos x Cos y . mmmeeenee- (4)
where x = site latitude

difference between site longitude and

1

y

satellite subpoint longitude
® = great circle distance between site and

satellite subpoint,

From figure A-3, the relationship between great circle distance and
elevation is:

—_r . = sin (90 =(d + 8))
r+ R sin (90 + ¢)

This is a tedious equation to solve for © in terms of (. An
approximation, which is accurate for sites in Canada is therefore made

of the form Y = M - k8. The best fit values are M = 85°, k = 1.05.

Therefore:

¢ = 85 - 1.058 e (5)

Using (4) and (5), elevation angles can be accurately computed for

sites in Canada.

The results are shown in figure A-4,
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FADING DUE TO WEATHER

The primary fade contribution is due to rainfall, Wind fade with

these relatively small diameter antennas is negligible and fade due to
snowfall and ice accumulation is expected to be small, Rainfall data
for Canada shows that the region of maximum annual rainfall occurs

along the B.C. coastline and maximum short term rainfall intensity

(5 mins. or 1 hour) occurs in Southern Ontario. Central Alberta and the
Atlantic coastline also have relatively high short term rainfall rates.
For southern Canadian stations, we will use rainfall distribution data
available for Mill Village, N.S., as typical and we shall also calculate
possible maximum instantaneous attenuations for southern Ontario for é

S-minute interval.

Assume the following:=~

1. Rainfield width vs. rainfall rate follows Hamnaford's(!) formula,
i.e., rainfall width, km = 41.4 - 23.5 log R,, where Ry = rainfall
rate - mm/hr,

Further assume minimum depth = 10 km.
2. Rainfall attenuation = .00125 db/km/mm/hr at 4.2 GHz.

Using the preceding data and rainfall distribution curves given in the

COTC specification(z), we can plot the rainfield attenuation curves.

This is shown in figure A-5a.

(1) D.A. Hannaford, "Meteorological Factors in Space Communications
Systems", International Conference on Satellite Communications,
London, U.K., November 1962,

(2) Specification for a Communication Satellite Earth Station for
Commercial Trans Atlantic Communications by COTC, October 1966.

12
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When a rainfield exists in front of an antenna the effect on system

noise temperature is to reduce the atmospheric and galactic noise
temperature, Tp, by the attenuation factor of the rainfield, and to
introduce an additional noise temperature component which is approximately
equal to placing an equivalent attenuation, at 2909K, in front of the

receiver.

Thus, under rainfall, the actual system noise temperature becomes:

Tg = A 4 L-1 . 290 + Tg + Tp + Tpx
L L
where T) = atmospheric and galactic noise temp.
Tg = ground contribution via side lobes
Trp = feed and waveguide losses
Tgx = paramp noise temperature
L. = rainfield attenuation

For 4.2 GHz and 5° elevation angle, we will assume the following values:

Ty = 24°K
Te = 18%K
Tp = 8%
Tpx = 100°K

Thus in clear weather, Tg = 150°K.

It is now necessary to estimate the amount of interference power due
to up-link and satellite noise. Communications system performance is

calculated on the basis that up-~link thermal noise degrades the overall
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receive C/T by 1 db and adjacent satellite interference and terrestrial
interference will effectively degrade the receive C/T by a further 1 db
(0.5 db each source), We can thus say that the effective overall system

noise temperature in clear weather is 150°K plus 2 db = 235°K.

During rainfall the down-link signal plus the up-link noise and adjacent
satellite noise will all be attenuated by the rainfield. In the worst
case, however, the terrestrial interference will not be attenuated.

Thus the effective system noise temperature becomes:

Tg' = Tat Tup + Tadjsa 4 Ll 990 4wy 4Ty + Tpy + Trerr
1 L

As a matter of convenience the effective system noise temperature Tg'
can be further modified to compensate for signal attenuation through

the rainfield.

Now Toyerall = L * Tg'

The overall system fade during rainfall is directly proportional to

Toverall. Figure A-5 'shows station fade on a percentage of time basis
for a typical southern Canada site. As stated previously, fade due to
wind is negligible and will not affect the fade distribution shown for

rainfall.

The maximum short-term fade can be predicted from DOT Meteorological
branch rainfall intensity maps. Areas in Southern Ontario may be sub-
jected to rainfall rates of 6"/hr for 5 minute periods at a 5 year

return period and 3%"/hr for 15 minute periods on a 5 year return period.
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Station fade for these conditions are:

Rainfall Rate Fade
35" /hy 0.8 db
6" /hr 1.15 db

It is evident that station performance degradation due to rainfall

will be insignificant.

Ice and Snow

Ice or snow accumulation on the antenna will cause some degradation
in station G/T but since the dielectric constant and dissipation
"lossiness" of frozen precipitation is relatively low, the electrical
effects of this accumulation is not too serious. Our study indicates
that less than 0.5 db loss in gain will be experienced for a 90-foot
diameter antenna completely covered with 1% inches of ice or 6 inches
of snow. Most of this error is due to reflector deformation. If the
ice or snow deposit is non uniform there could be additional degradation

due to the resultant phase errors,

With a 30-foot antenna the effects of ice and snow should be less
critical than 90-ft., in terms of dish and structure deformation and
the resultant pointing error. However, a fixed thickness of ice or snow
on the reflector surface will have a greater defocusing effect for a
small dish so this will increase the antenna gain degradation. We must
consider whether deicing will be required for any stations in the system.
Deicing in any form; electrical heating, oil fired heaters, anti~freeze

or deicing solutions would be relatively expensive and should be avoided
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if at all possible., TFurther study will be required before a detailed
Earth Station specification can be generated, but it is believed that
complex deicing can be avoided for most sites. Snow or ice accumulation
will be heavy in some locations, but periodic snow and ice removal
should be sufficient to hold degradation within acceptable limits,

On this basis, .it is suggested that we assume a 0.5 db degradation in

station G/T during winter months for performance calculations.
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FADING DUE TO SATELLITE ANTENNA POINTING INACCURACIES

The computer calculated beam coverage of Canada shows that the entire
country can be covered with an 8%° x 3%° beam, with + 0.5° satellite
antenna pointing inaccuracies, E-W and N~S included. If it is assumed
that this_+0.5° motion is a 3 sigma occurance and that the error
distribution is gaussian, we can calculate the received signal strength,

vs. percentage of time.

Consider an elliptical beam and a point (X) on its minor axis.

X

y 8%° x 3%° (4.3 db beam)

If the beam centre is now subjected to + 0.5° motion along each axis

we note the following. Motion in the E-W direction will result in very
small level changes at point X while motion in the N~S direction will
result in a large signal level change at point X. Thus for this location
we can ignore the E~W beam motion and calculate the change in received
signal strength for + 0.5°, 3 sigma gaussian motion along the N-S axis,
Similarly a station at point Y will be affected primarily by E-W motion
of the beam and much less by N~S motion. In this particular case, the
assumption that cross=-axis motion can be ignored is less valid, but the
mathematics required to solve this case exactly is rather tedious and
does not seem warranted at this time, The results obtained by the

simplified approach will be slightly optimistic.




The results are plotted on figure A-6, It is assumed that the EIRP
for the worst case beam edge is 34 dbW. From the curves, it can be
seen that the EIRP is well above 34 dbW for the majority of the time;
in the case of a station located along the minor axis, the level will

rise more than 3 db.

The relatively large values of EIRP for the majority of the time are
due to the assumed gaussian distribution on the pointing error.
Figure A-7 shows the variations in EIRP assuming that all positions
in the 4 0.5° control range are equiprobable. This is perhaps

more realistic.

20
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6. ESTIMATED SYSTEM NOISE TEMPERATURE BUDGET
The estimated system noise temperature budget at 5° and 20° elevation
angle is shown in the following table for a 30-foot diameter antenna.
3.70 GHz 4,00 GHz ' 4,20 GHz
! 5% El, | 20° El. 5° E1. | 20° E1. 5° E1. | 20° El.
GALACTIC | 1.05°k | 1.05% 0.96°%  0.96°K| 0.91°% | 0.91°K
ATMOSPHERIC P 24.00 14.00 24,40 14,40 23.60 13.60
GROUND | 14.65 8.65 | 11.73 5.73 17.31 11.31
l
FEED LOSS P 5,30 5.30 6.80 6.80 6.20 6.20
|
CONNECTING LINE LOSS| .94 .94 .91 .91 .90 .90
|
SWITCH LOSS Ai 1.00 1.00 1.00 1.00 1.00 1.00
PARAMP & RECEIVER |l 100,00 100.00 100.00 100.00 100.00 100.00
!
]
TOTAL | 146.94 |130.94 | 145,80 129,80 149.92 133,92

Note that we have based the above temperatures on using a paramp with
a noise temperature of 100°K rather than 150°K which we had previously
thought was feasible. However after many discussions with three paramp

suppliers we believe that 100°K can be easily achieved.

Summary of Discussions with Paramp Suppliers

AIL, TRG and Comtech are all willing to quote fixed price on a 500 Miz
bandwidth room temperature parametric amplifier. Following is a brief
breakdown of expected performance, price and delivery of their initially

proposed system.
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ATL TRG Comtech
Bandwidth MHz 500 500 500
Te °K | 100-120 90 65-85
Mount balanced single single
Pump Freq. GHz 24 37 27
Budgetary price¥ < $25,000. < $25,000. < $25,000.
per unit (qty. 10)
Delivgry months 4 - 5 4 - 5 4 - 5

'*Price is considerably less for a unit with a 50 MHz bandwidth.

Both TRG and Comtech seem to have a slight advantage over AIL since
they have already incorporated the single ended mount into their
amplifier operating at a substantially higher pump frequency with the
inherently lower noise temperature. TRG has done some preliminary
performance evaluation én the room temperature paramp by optimising

one of the production (500 MHz, 18°K cooled) amplifiers to operate at
ambient room temperature. They have already actually measured noise
temperatures in the range below 100°K using two stages of amplification.
Comtech, initially in their program, decided to design their system with
a somewhat lower pump frequency than used at TRG (i.e., 27 GHz vs.

37 GHz), since the transition to a solid state pump source would be
more easily done. The pump power requirement at the diode is approx-
imately 25 m watts and it is presently possible to attain this power
level using an 100 mw avalanche diode operating at approximately 15 GHz

followed by a single doubler stage.
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Comtech state that in order to meet the present gain and phase
stability requirements stipulated for Intelsat III, the parametric
amplifier would need to be kept operating within a temperature
controlled environment with a minimum ambient temperature variation.
This could be done by either slightly heating above oxr cooling

below the paramp enclosure., This could be done by either keeping

the paramp enclosure slightly above ambient temperature (i.e., by
heating), or keeping the enclosure below ambient temperature (i.e.,

by cooling). Comtech maintain that the solution which looks most prom-
ising at this time is to make use of the thermal electric cooling effect
of varactor junctions, thereby cooling the enclosure to approximately
32°F. The thermal electric cooling device is of rugged construction
and involves no moving parts, consequently resulting in very high
MIBF's. The equivalent noise temperature advantage if we compare
operation at 80 - 909F and 32°F is expected to be in the order of

20°K (iie., T, = 659K, compared to T, = 859K, respectively.
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DEFINING SYSTEM CONSIDERATIONS FOR CANADIAN DOMESTIC SATELLITES

In 1963, the Extraordinary Radio Administrative Conference (EARC) of the
International Telecommunication Union (ITU) in Geneva authorized
communications satellite systems to share frequencies with terrestrial
systems, provided that certain power limits are observed. This

historic event paved the way for the use of satellites for commun-
ications and since that time, INTELSAT I and several INTELSAT II

satellites have been placed in operation carrying commercial traffic.

The importance of Canada's role in satellite communications can be seen
from the fact that all traffic between Europe and North America via
INTELSAT I is handled by Canada's experimental station at Mill Village,
Nova Scotia.(!) Towards the end of 1968 INTELSAT III, the global
system is expected to be placed into orbit and Canada's first commercial
station will be carrying traffic from the new system. The INTELSAT IV
satellites are already planned, Since all these satellites are of the
synchronous type, one can probably conclude that synchronous satellites

for international use are here to stay.

Great interest has recently been shown by various nations(z's) including
Canada(06-9) in the use of synchronous satellites for domestic use.

As a result there appears to be a need for more technical agreements

to insure that domestic satellites placed in synchrqnous orbit make
efficient use of the radio spectrum. The synchronous orbit, like the
radio frequency spectrum, is an important natural resource, and it is

vital that no effort be spared to ensure its efficient use,
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It must be protected from a proliferation of unnecessary satellites,
but on the other hand, 1t is important for Canada to place some
satellites for domestic use in this belt visible to Canada between about

850 and 120°W longitude,

Technical agreements between nations will have to be established and
perhaps new radio regulations or CCIR recommendations will have to be
written to insure that all communication satellite systems using the same
frequency bands can exist side by side without undue interference and
technical constraints. At the moment, these problems are difficult to
solve because the common carrier bands from 1 to 10 GHz have to be shared
with the terrestrial services. 1In the future, when hardware becomes
available, it is to be hoped that satellite systems can operate on
exclusive frequency allocations in the higher frequency bands; the problem
of sharing frequencies will then be greatly eased. For the present, and
probably for the next ten or perhaps twenty years, the frequency bands
below 10 GHz will be of greatest concern for communication satellite
services. Domestic satellite systems will therefore have to share
frequencies with terrestrial systems, as well as with other satellite
systems and, furthermore, satellites will have to share space on the

unique synchronous belt.

All these constraints lead to a big problem - one that requires prudent
study of many considerations which can affect not only technical agreements,

but also the design of satellites and earth stations.
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SATELLITE ERP IS PRIME CONSIDERATION

It is highly desirable for satellites to radiate the maximum allowable
effective isotropic radiated power (ERP) in order that they may carry as
many communication channels as possible, or to permit the use of small

earth station antennas.

The rARC(10) permits satellites to radiate a maximum power flux density

at the surface of the earth of =149 de/m2 in a 4 kHz bandwidth and a

total power flux density of =130 de/m2 for systems using wide-angle
frequency modulation based on recommendation of the CCIR Plenary Xth
Assembly (Geneva, 1963). At the XIth Plenary Assembly of the CCIR,

(Oslo, 1966), the maximum flux limit was changed to -152 dbW/m?/4 kz + 6/15
via Rec. 358(11) and it is expected that the EARC will also make a

revision accordingly. This limit, equivalent to a satellite ERP of 12 dbw/
4 kHz for low angles of arrival, was derived from CCIR Rec. 357 which states
the allowable noise in a telephone channel caused by interference from the
"aggregate' of all communications satellite systems into the radio-relay
hypothetical reference circuit. GCCIR Rec. 357 states an allowable mean
value in any hour, or the value not to be exceeded for more than 207% of

any month, of 1000 pWp, and a value of 50,000 pWp not to be exceeded for

more than 0,01% of any month.

Since the derivation of the flux limit in Rec. 358 was based on a single
exposure of the main beam of a radio-relay, the flux limit or satellite
ERP must be reduced by the number of satellites causing interference.

Tt should be noted that the allowable noise could also be exceeded by a
large number of exposures into the antenna sidelobes of the radio-relay

system.




The maximum allowable satellite ERP depends on the amount of energy
dispersal that can be achieved practically for systems using frequency
modulation, FEnergy dispersal is a technique by which the carrier is
artificially modulated to spread its power over the transmission band-
width, thereby minimising the power in any 4 kHz bandwidth. Theoretically,
the amount of energy dispersal that can be achieved for a 36 MHz bandwidth
is 39.5 db; 1in practice, however, this value is found be be closer to

30 db without paying too high a penalty in extra bandwidth or earth station
gain-to-temperature (G/T) ratio to accommodate the extra artificial
frequency modulation. The amount of energy dispersal that can be

achieved is shown in FigureA=-8 which is based on the use of a triangular

waveform; Figure 1 also shows the satellite ERP.

A satellite designed for 42 dbW ERP requires a peak-to-peak frequency
deviation of the dispersal waveform of 4 MHz, or 11% of a 36 MHz band-
width, 1Increasing the dispersal beyond about 10 MHz, which provides

34 db of dispersal, does not appear to pay because the loss in signal-to~
noise ratio due to reduced bandwidth begins to outweigh the permitted
increase in satellite ERP. Also, it is doubtful whether dispersal of

this order could be applied without causing distortion problems, because
the dispersal deviation is becoming a significant portion of the television
picture deviation. A more likely wvalue of acceptable energy dispersal is
about 31 db and therefore a maximum ERP of 43 dbW is permitted, assuming

that the allowable interference into a radio-relay HRC is not exceeded,
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If the allowable interference is exceeded (say by 6 db) then the permitted
ERP must be reduced (to 37 dbW), otherwise the spacing between satellites
in the stationary orbit might have to be increased. In order to achieve
efficient utilization of the stationary orbit, it is necessary to keep
satellite spacing to a minimum; therefore, the trade-off might be to

reduce the satellite ERP,

Another consideration is earth station interference to or from adjacent
satellites. A difference of 7.5 db between the ERP of adjacent satellites
can double the required satellite spacing. To allow minimum spacing
between satellites, all satellites in the synchronous belt over the United
States and Canada should therefore have nearly the same ERP. It is
recognized that it may not be feasible for domestic and global satellites
to have equal ERP and therefore the spacing between these different systems

may have to be much greater.
ALLOWABLE INTERFERENCE BETWEEN SATELLITE SYSTEMS

Interference between satellite systems is one of the major controlling

factors affecting the efficient use of the stationary orbit. The CCIR

has recommended the values of allowable noise due to interference between
radio-relay systems and communication-satellite systems. For a communicatio n
satellite system, CCIR Rec, 356 states the noise power in a telephone

channel due to interference caused by radio-relays should not exceed:

1000 pWp mean value in any hour
1000 pWp one-minute mean power for more than 20% of any month
50,000 pWp one-minute mean power for more than 0.03% of any month
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CCIR Rec. 357 (in the reverse direction - from satellite systems into
radio-relay systems) is similar to Rec. 356,except that the 50,000 pWp

value should not be exceeded for more than 0.01% of any month,

There are as yet no allowable limits for noise between one communication
satellite system and another, although the CCIR is expected to be studying
this aspect. For interference into a satellite system from all other
satellite systems, a recommendation with the same values as Rec. 356

would probably not be unreasonable and therefore is assumed here. Taking
the noise power lower than, say, 1000 pWp value appears to increase
satellite spacing unnecessarily. On the other hand, raising this value
appears to cause some undue hardship on communication satellite systems
which must already accept 1000 pWp of interference from radio-relays;
moreover, increasing the value above 1000 pWp does not appear to permit
efficient use of the stationary orbit. For the purpose of determining
interference, the baseband noise power budget for the communication satellite
system shown in Table is is used. The total noise is chosen to be the same

as that for the radio-relay hypothetical reference circuit.

TABLE 1
Contributions Noise Power in a Telephone Channel
Interference from radio-relay systems 1000 pWp
Interference from all other satellite systems 1000 pWp
Uplink fluctuation noise 1000 pWp
Downlink fluctuation noise 4000 pWp
Intermodulation noise 500 pWp

7500 pr*

;'Reference 5 has used a value of 5600 pWp which does not appear to include
any interference noise.




In order to disgcuss interfercnce bhebween satellite systems, it Is
convenient to refer this to the receiver input of the interfered system
in terms of the carrier-to-interference ratio (C/I). The interference
between communication satellite systems will be primarily caused by
adjacent synchronous satellites radiating into earth station receivers,
and by earth station transmitters beamed at adjacent synchnchronous
satellites, where unwanted power falls into the satellite receiver wvia

the sidelobes of the transmitting antenna.

C/I is related to the receiver output noise as follows:

¢/I = -B-N, &b  mmmeemeeeee (1)
where N = unweighted noise power at a point of zero
relative level, dBmO
B = interference reduction factor, apl?

The B-factor has been calculated for the various cases of telephony based

on the parameters shown in Figure A-9.

The practical satellite ERP has been taken to be 37 dbW. Assuming that
the earth station is located at the satellite antenna beam edge, and
that an earth station G/T ratio of 40.7 db (95 ft. diameter antenna is
used), the maximum channel capacity is about 1500 without exceeding

36 MHz bandwidth.



The interference between video carriers, or between video and telephony
carriers using M, is still under study. Requirements for 58 db
picture-to-rms interfering tone in the baseband have been stated. Using
energy dispersal, a high modulation index and pre-emphasis will tend to
eliminate any high concentration of energy at any particular frequency
and will tend to make the FM spectrum Gaussian. Interference of this
type will not produce an interfering tone in the baseband but will
appear in the baseband as noise with an approximate triangular spectrum.
The video signal-to-interference noise ratio, S/I, can be determined by
convolution of the wanted and unwanted RF spectra, as for the telephony
case, and a value of 34 dB was obtained for colour 525-line video
having a subcarrier with 75% saturation. TIf the interference noise

is taken as 10 dB below the CCIR recommended signal-to-noise ratio,

as in the previous case for telephony, the required S/I is 65 db; the
C/T must be 31 db. The subjective effects of this type noise on the
television viewer have not yet been completely studied and the results

of these effects might increase the required C/I. The various C/T

for some typical channel capacities and antenna sizes are shown in Table 2,

Interleaving frequencies by 20 MHz between adjacent satellites will reduce

interference and an improvement of about 15 db is estimated by this means.
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TABLE 2
Earth Earth Maximum * Required
fod., Index Station Station Satellite Co-Channel
RMS N G/T Ant. Dia. ERP c/1
M Channels (db) (feet) (dbW) (db)
1800 43,1 125 37 42
1500 40,7 95 37 40.5
1200 36.7 60 37 35
960 26.5 30 37 30
120 40.7 95 10 ' 42
120 26.5 30 24,2 27.8
v 40,7 95 37 31
v 26.5 30 37 31
TV 23.8 22 37 31

¥ Corrected to account for any difference
from maximum satellite ERP of 37 dbWw.

7€
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FREQUENCY PLANNING

It appears that, in order to have efficient use of the stationary orbit

and the frequency spectrum, the channel frequencies of alternate satellites
should be interleaved in a manner similar to that in Annex of CCIR Rec.

382-1. An example of a channelling plan is shown in Figure A-10 with adjacent
satellites interleaved. Every alternate satellite will use the same

frequency plan. Such interleaving of frequencies between adjacent satellites

can reduce the required spacing by almost one half,

Interleaving could make the satellite system somewhat less flexible, but
it appears that interleaving frequencies, which allows more efficient

utilization of the stationary orbit, outweighs the other considerations.
FARTH STATION ERP VERSUS ANTENNA SIZE

At the XIth Plenary of the CCIR, it was recommended, via Rec. 406, that all
future radio relay stations which share frequencies with the satellite
up-link should not have their antennas aimed at the stationary orbit where
feasible, It is believed that many common carriers have now written this
restriction into their practices, This recommendations will, in future,
protect the stationary orbit(14) from interference caused by the radiation
of radio-relays. Rec. 406 also recommends that the radio-relay transmitter
power should not exceed 13 dbW, which demands that radio relay systems
employ relatively large, high-gain antennas. These will have narrow
antenna beams and therefore the probability of exposure to a satellite is

minimized.



It would appear that consideration should also be given to minimizing the
space between synchronous satellites by minimizing sidelobe radiation
from the antennas of earth stations aimed at the stationary orbit. .In
order to accomplish small spacings it would be necessary to specify a

minimum antenna size for transmitting earth stations.

It can probably be assumed that all transmitting earth stations will have
a uniform ERP for a particular channel capacity or for television; this
ERP can be achieved with high power transmitters and small antennas or
with lower-power transmitters and large antennas. In order to minimize
interference to neighboring satellites it will be necessary to insist that
radiating earth stations employ reasonably large antennas. It will also
be necessary to agree on the minimum antenna size for earth stations
receiving high-quality television. If it is desired to use an antenna
smaller than the minimum size specified for receiving TV, that station
would suffer more interference, but possible the quality might still be
acceptable, TFor example, if satellite spacing is based on a minimum
antenna diameter of 30 ft., and a 22 ft. diameter antenna is used to receive
TV, the station would be subjected to only 2.7 db more interference noise.
In any case the station using the small antenna is only receiving and
therefore cannot cause additional interference to adjacent satellites.
There is also a need to establish recommendations for earth station ERP,
because earth stations in a different system radiating more power for the

same channel capacity will also increase the required satellite spacing.
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FACTORS AFFECTING SATELLITE SPACING

The spacing of satellites is of great importance, for it
determine the number of satellites that can be placed in
orbit for particular frequency bands. The 6 GHz up-band

down-band are of immediate interest.

The spacing of satellites is dependent on twelve factors
interference between communication satellite systems for
frequency bands. These factors are:

. Difference in ERP between satellites

. Allowable interference

. Antenna size of earth stations

. Difference in ERP between earth stations

. Type of modulation and signal processing

. Modulation index (for FM systems)

. Receiver Interference Reduction factor

. Amount of energy dispersal
Sidelobe level of the earth station antennas

. TFrequency discrimination

37

will ultimately
the stationary

and the 4 GHz

which govern

any given

. Satellite antenna discrimination for very narrow beams

. Polarization discrimination

TFor determining satellite spacing, no difference in transmitted ERP is

assumed other than that discussed earlier. Also, no discrimination

is assumed from frequency, satellite antenna beam and antenna polarization.
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Polarization discrimination is very difficult to achieve over 500 MHz
bandwidth at angles far off the main beam. Using the CCIR antenna gain
off the main beam for the earth station, which.is given by:
g=232=251log 6 (db) me-e-——a-w (2)
(where 6 is the angle off the main beam center in degrees)
and also using the 4 GHz main-beam gain given by:
G = 19,6+ 20 1logD (d)  memoseseo- 3)
(where D is earth station diameter in feet)
the interference in the down path can be established. The geometry for
this interference is shown in Figure A-1lChoosing six interfering
satellites on each side of the 'wanted" satellite, the required
carrier-to-interference ratio is given by:

¢/I = G-g=-414d mmemmemeeee (&)

Assuming that the same earth station antenna size is used for transmitting,

the interference due to the up-path is 4 db less than for the down-path.

This assumption is independent of the number of earth stations transmitting.

Tt is only important that the 500 MHz band be illuminated (say 12 RF carriers);
whether this is accomplished by one earth station or by a dozen does not
matter. It is assumed that the minimum antenna size for transmitting is the
same as thatused for receiving. This assumption is conservative because it

is likely that many transmitting earth stations will have antennas larger

than those of receiving earth stations. The required C/I is therefore
increased by 1.44 db due to the up-path contribution of interference, ie.,

C/I = 20 log D+ 25 log® - 18 db = ====---=-=- (5)
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The satellite spacing is assumed to be the same between satellites and
the angular spacing is assumed to be equal to 6, This assumption makes
the interference about 1 db less for earth stations located near the
Canadian-United States border, looking at satellites due south, but the
assumption is almost correct for earth stations which operate with
satellites at low elevation angles. Obviously, all stations in the far

north fall in this category.

The required C/I is shown as a function of satellite spacing for various
antenna sizes in Figure A-12The required co=-channel C/I is 31 db, using

a 30 ft. diameter antenna from Table 2. This requires a satellite spacing
of 6° which would mean that about seven satellites could be placed in the
stationary orbit visible to Canada. Interleaving frequencies will almost
double the number of satellites. If satellite spacing is based on a much
smaller antenna size, such as 15 ft. diameter, the spacing between
satellites will have to be almost doubled. However, it must be recognized
that the use of antenna feed with lower sidelobe levels than that assumed
by the CCIR, or the use of PCM in the future, could significantly increase
the number of satellites in this 85° to 120°W longitude belt. Although
the spacing is based on a minimum antenna diameter of 30 ft., for
receiving high quality television, this choice does not preclude the use

of a smaller antenna as mentioned previously.

Studies done by the Canadian CCIR (dealing with frequency sharing) has
indicated that a minimum satellite spacing of 3 to 6° is required to meet
the CCIR requirements of interference from satellites into line-of-sight

radio relays sharing the same frequency bands depending on the degree of




"avoidance" of the stationary orbit. The satellites were assumed to he
radiating the maximum flux values permitted by the CCIR. Assuming that
in practice they may be radiating somewhat less it appears that the
satellite spacing could not be reduced below 3°. This appears to be the
ultimate spacing when frequencies are shared with terrestriél services.
In the more distant future, if the higher frequency bands above 10 GHz

are used, it appears that satellite spacing can be greatly reduced.
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Efficient use of the stationary orbit is of wvital interest to Canada whose

visible stationary belt is only about 35° wide in contrast to the United
States proper (80°) and South America (105°)., Although these belts
overlap each other, it appears that the optimum portion of the United

States belt including Alaska is somewhat west to that for Canada,

Much work is required before technical guidelines or agreements can be
reached by the TIIU and also between Canada and her neighbors, for
positioning synchronous satellites over the 85° to 120°W belt. Since it
is estimated that North America will run out of useful orbital space in

the 4 and 6 GHz bands before 1980, there appears to be an immediate need

to arrive at agreements., Some of these agreements might include:
Satellite ERP
Allowable Interference
Frequency Planning
Earth Station ERP and Minimum Antenna Size
Satellite Spacing

Satellite Slot Allocation
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This paper has looked at only some of the considerations connected Qith the
controlling of interference between neighbouring satellite systems sharing
frequencies, and with making efficient use of the synchronous orbit; it is
recognized that there are many others. It appears that some price will
have to be paid by the satellites and by earth stations, but then there

is only one stationary orbit and it is priceless.
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FIGURE A-11 GEOMETRY FOR SATELLITE SYSTEM INTERFERENCE
WITH MANY SATELLITES IN SYNCHRONOUS ORBIT
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RECEIVER INTERFERENCE REDUCTION FACTORS (B-FACTORS)

Interference Reduction factors have been calculated for the following
cases:

1. a 120 channel carrier interfering with a 120 channel carrier

2, . a 120 channel carrier interfering with a 1500 channel carrier

3. a 1500 channel carrier interfering with a 120 channel carrier
The 120 channel carrier parameters were derived from the assumption
that there would be 4 carriers per 36 MHz transponder or 9 MHz per
carrier, Tor 1500 channels, it was assumed that the whole 36 MHz
bandwidth is utilized. The calculations are based on Medhurst's
formulg assuming a gaussian spectrum distribution and a carrier

to interference ratio of 0 db.

1. 120 channels into 120 channels

Bandwidth = 9 MHz i
Top Frequency f = 504 kHz |
Peak Factor = 13 db

Loading Factor = 7.32 db

From Carson's bandwidth formula, we have:
Loaded rms deviation AF = 0,895 MHz

RMS test tone deviation Af = 0,386 MHz

* R.G. Medhurst et al, "FM Interfering Carrier Distortion:
General Formula, Proc. IEE 109B, 149, 1962",
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Using Medhurst's formula, the B-factor can be calculated:

B = ~10 log f2b exp ~(£, - £)? + exp ~(fo + f)z
PCAD 265 /o | 2f§"' ng ~

Where:

B = Interference factor for C/I = 0

£ = top baseband frequency

b = channel bandwidth 3.1 kHz

£ = rms test tone deviation

P = pre-emphasis improvement factor 4 db

£ - ‘/AFJZL + AF3

loaded rms deviation of wanted carrier

loaded rms deviation of unwanted carrier

Fh
It

spacing between carriers.

For example, for zero frequency spacing the above formula yields

a B-factor of 32,1 db. This means that if 1000 pw psophometrically
weighted is allowed for interference noise (i.e., S/N = 60 db),
then the C/I required is 60 - 32.1 + 2.5 = 25,4 db, where 2,5 db

is the psophometric weighting factor. This C/I is that required

at the input to the receiver.

120 Channels into 1500 Channels

Bandwidth = 36 Miz
Top frequency f = 6.89 MHz
Peak factor = 10 db
Loading factor = 16,76




From Carson's bandwidth formula, we have:

Loaded rms deviation AT 3.52 MHz

RMS test tone deviation Af = 0,511 MHz

For zero frequency spacing we have B = 23,8 db,

3. 1500 Channels into 120 Channels
For zero frequency spacing, the calculations yield a

B~factor of 36.4 db,

*

Figure A-i3shows B-factor vs. frequency spacing for the three

considered,

cases
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APPENDIX A

RANGE SYSTEM CALCULATIONS

Introduction
|
In ranging, tones are transmitted from a ground station to a satellite,
through a satellite transponder, and are returned to the ground station. The
time delay of the returned tone with respect to the transmitted tone produces
a phase shift. Measurement of the phase shift thus provides information from
which range can be calculated.

In this appendix, consideration is given to the choice of the tone
frequencies. Taking into account the limit of accuracy for measurement of
phase, a range of frequencies has been established for ranging operations. The
block diagram of a typical ranging system is given in Figure 3-2. '

Consider a tone frequency f,. Given that the velocity of electro-
magnetic radiations is C then the ranges at which the compared phases are the
same occur where 2R = C/f, or at half wavelength intervals. A lower frequency
thus results in a greater unambiguous range interval.

On the other hand the accuracy of the range measurement depends upon
the accuracy to which the phase can be measured. If the phase measuring
accuracy is the same regardless of frequency, then high frequencies favor
accuracy. '

Assume we wish to know the spacecraft range to an accuracy of, say,
%150 meters. An accuracy limit is established by

a). uncertainties in the "turn about" time of the tones in the
satellite transponder

b) noise introduced in the up and down paths
c) uncertainties in the delay time in the ground equipment
d) uncertainties in the measurement of phase.

Of these four, uncertainties (c) can probably be largely calibrated out.
Uncertainties (a) and (b) result from spacecraft operations while uncertainty (d)
results from ground operations.

It is usual fo assign most of the uncerfcum‘y allowance to the spacecraft
portion of the system. Therefore, of the ¥ 150 mefers total allowance, we will
assign £ 116.7 meters to the spacecraft and only * 33.3 meters to the phase
measurement error contributions.



If we assume that we can measure phase to 2 degrees, then we can
derive the appropriate "high" frequency value using the equation:

fp=2_ . C ‘
30 |£p| (A.T)

error in range due to phase
velocitsy ! of light

3 x 10° meters/second
"high" tone frequency.

where

o]

L/ B T}

o D

—
>

hence
2 X 3x 108
360 33.3

1l

—
>

= 50 kHz

One wavelength at this frequency corresponds to a range interval of
about 3000 meters.

Now, of the £ 116.7 meters alloted to the spacecraft, we will assume
that £ 66.7 meters are the result of noise contributions, The phase error
corresponding to £ 66.7 meters error in 3000 meters is I 1398 radians. This
will be taken as the 3 & error from which the rms phase error & becomes
.0466 radians. The signal-to~noise ratio required to provide this maximum
error is calculated from

S/N = (24371 | (A.2)

therefore
S/N = (2 x .04662)"]

= 230
and, expressing the result in logarithmic form
(S/N) =23.6 dB

The remaining uncertainty € of ¥ 50 meters is assigned to the
variations in turn-around time, or "group delay time", in the spacecraft.
The group delay time £x t4 is given by

ADNi,=2€/C

d (A.3

= 2(% 50)/3 x 108 )
=1 ,33 seconds



This group delay characteristic is not too difficult to achieve
in the command receiver.

Thus far we have considered the high frequency. Now, we must
consider the lower frequencies. For complete freedom from ambiguity, the
lowest frequency should be such that X /2 is equal to the maximum range.
For an orbit with an apogee of about 22,300 nautical miles, this frequency
would be about 7.3 Hz,

In practice, however, we know much about the orbit which will
help us to remove some of the ambiguity. Simple orbital observations via the
VHE beacon emissions will permit the ranges to be resolved quite rapidly to
the order of hundreds of kilometers. If, say, we pessimistically assume that
the range ambiguity amounts to a distance of 1000 kilometers, then the lowest
frequency that we need transmit is

f o= 3x108/2 x 10°

(o]

=150 Hz .
For safety sake, then, we will choose

f, =100 Hz ,

If we assume that the measurement errors for 100 Hz is the same
as that for 50 kHz tones, then the total error due to the noise at the 3 £ level
and the measurement error is 0. 140 radians + 0,035 radians (29  respectively,
totalling 0.175 radians. If the next tone frequency is fic, K times 100 Hz, the
total phase error at 100 Hz corresponds to . 175Kradians at fi,.. We require
.175K be less than TY /2 radians at Fk from which

Kk {9 .

All frequency ratios between the tones must be K, therefore, for
N tones intervals

N = 50,000
100
and, for N =4,
K= 4,73
while for N =3,
K = 7.94




hence we can take an N of 3 yielding 4 tones at a frequency ratio 7.94 times.
We may round off for convenience to these frequencies:

f.q= 100 Hz
fro = 800 Hz

fa= 6,400 Hz
fo4= 50,000 Hz

During transmission, however, the two lowest tones would be too
close to the carrier thereby making recovery difficult. Therefore we up-
convert the 100 Hz and the 800 Hz tone by mixing them with the 6,400 Hz
tones and, by selecting the lower sidebands, produce 6300 Hz and 5600 Hz

respectively.

This mixing action, however, degrades the signal-tfo-noise ratio
characteristic by 3 dB. Therefore, we require 26.6 dB rather than
23.3 dB to meet the permissible tolerance.

To complete the analysis we will add a further equipment degradation
allowance of 3 dB requiring that the minimum S/N ratio requirements be 29.6 dB.
This level is for both up path and down path contributions. We will assume, to
conserve spacecraft transmitter power, that only 10% of the noise contribution
comes from the up path, therefore

(S/N) gown = 30.0 dB
(S/N),, =39.1dB

are the required signal-to~noise ratios for the ranging tones in the down and
up paths respectively.
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APPENDIX B
COMMAND SIGNAL PROVISIONAL LISTING

A provisional listing of commands is given in this Appendix. They
are arranged under the following headings:
1. Command and Telemetry Table B.1
2, Spacecraft Control Systems Table B.2
3. Communications System Table B.3
4. Power System Table B. 4

The commands are classified as Type S, R, A or C according to
their functional requirements. A detailed discussion of these classifications
is given in section 3.2.6, but briefly we may summarize the results as
follows:
Type S Commands Set the spacecraft info a specific configuration.
Type R Commands are commands which are sent in Real time and for these

to be accepted a Type S command must first be transmitted.
Type A Commands are reserved for Adjustment of the attenuator settings

of the output TWT's of the communication system.
Type C Commands are for transmitting Artificial Earth Pulses Continuously

for long periods.

Table B. 1
Command and Telemetry Subsystem Commands

Command Type Function Notes -
Select Encoder 1 S Selects PCM Encoder 1
Select Encoder 2 S Selects PCM Encoder 2
Telemetry Transmitter 1 Off S Turns off TX1, Turns on TX?2
Telemetry Transmitter 2 Off S Turns off TX2, Turns on TX1
Telemetry Transmitters on S Turns on both fransmitters
Reset S Resets Decoder and Stored commands 1
Decoder 1 Standby S Places Decoder 1 on Standby
Decoder 2 Standby S Places Decoder 2 on Standby
136 MHz Beacon Off S Turns off 136 MHz Beacon
136 MHz Beacon On S Turns on 136 MHz Beacon

Command Totals: Type S = 10

Note: 1 Reset Command does not require separate execution.
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TABLE B.2
Spacecraft Control Subsystems Commands

Command Type Function Notes
Earth Sensor One Select S Selects Earth Sensor No. 1 for Single

Earth sensor operation
Earth Sensor Two Select S Selects Earth Sensor No. 2 for Single

earth sensor operation -
Conirol Logic Normal S Normal mode dual earth sensor operation
Despin Control channel changel S Selects alternate channel elecironics

: in MDA unit

Artificial Earth Pulse Select S Replaces Earth Sensor pulses to CLA

by Artificial Earth Pulses 1
Aritificial Earth Pulses C Real Time Earth Pulses 1
Select Valve Driver Set One | S Applies main bus voltage to No. 1 bank

of thruster coils
Select Valve Driver Set Two | S Applies main bus voltage to No. 1 bank

of thruster coils
Axial Thruster A R Operates axial thruster A solenoid valve 2,3
Axial Thruster B R Operates axial thruster B solenoid valve 2,3
Radial Thruster A R Operates radial thruster A solenoid valve 2,3
Radial Thruster B R Operates radial thruster B solenoid valve 1
Valve Drivers Off S Removes main bus voltage from thruster

coil banks
Activate Propellant System S Fires cross=connect squibs to interconnect
Cross Connect tanks
Apogee Motor Ignition S Fires Apogee Motor (also turns off TWT

high voltage)
Ordnance Safe/Arm(back-up) | S Energizes safe arm relay




TABLE B.2 (Cont'd)

Command Type Function Notes
Despin System Zero Bias S Readies Despin System for bias
Ready ' adjustment
Despin System Zero Bias
Adjust A Adjusts zero bias despin system
Notes: (1)  Artificial Earth Pulses should be being transmitted to spacecraft

before sending command "Artificial Earth Pulse Select".

| (2)  Requires prior transmission of Valve Drivers selection by
type S command.
(3) Separate RESET command required after execution.

Command Totals: TypeR = 4

Type S = 12
Type C = 1
Type A = 1




TABLE B.3

Communications Subsystem Commands

Command Type Function Notes

TWT 1 On S Applies power to TWT 1

TWT 1 Gain Adjust Ready S Readies TWT 1 Attenuator for Gain
Adjustment

TWT 1 Off S Removes power from TWT 1

TWT 2 On S Applies power to TWT 2

TWT 2 Gain Adjust Ready S Readies TWT 2 attenuator for Gain

 Adjustment

TWT 2 Off S -Removes power from TWT 2

TWT 3 On S Applies power to TWT 3

TWT 3 Gain Adjust Ready S . Readies TWT 3 attenuator for Gain
Adjustment

TWT 3 Off S Removes power from TWT 3

TWT 4 On S Applies power to TWT 4

TWT 4 Gain Adjust Ready S Readies TWT 4 attenuator for Gain
Adjustment

TWT 4 Off S Removes power from TWT 4

TWT 5 On S Applies power to TWT 5

TWT 5 Gain Adjust Ready S Readies TWT 5 attenuator for Gain
Adjustment

TWT 5 Off S Removes power from TWT 5

TWT 6 On S Applies power to TWT 6

TWT 6 Gain Adjust Ready S Readies TWT 6 attenuator for Gain
Adjustment

TWT 6 Off S Removes power from TWT 6

TWT Gain Adjust - dB A Adjusts TWT Gain by  dB

TWT Gain Adjust =  dB A Adjusts TWT Gain by  dB

TWT Gain Adjust =  dB A Adjusts TWT Gain by  dB

TWT Gain Adjust =  dB A Adjusts TWT Gain by  dB

TWT Gain Adjust =  dB A Adjusts TWT Gain by  dB

TWT 1 Standby=Select TWT 7} S Replaces TWT 1 by TWT 7

TWT 2 Standby-select TWT 7| S Replaces TWT 2 by TWT 7

TWT 3 Standby-select TWT 8] S Replaces TWT 3 by TWT 8

TWT 4 standby-select TWT 8 | S Replaces TWT 4 by TWT 8

TWT 5 standby-select TWT 9 | S Replaces TWT 5 by TWT 9

TWT 6 standby-select TWT 9 | S Replaces TWT 6 by TWT 9
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TABLE B.3 (Cont'd)
Command Type Function Notes
Driver TWT 1 On S Applies power to Driver TWT 1
Driver TWT 1 Off S Removes power for Driver TWT 1
Driver TWT 2 On S Applies power to Driver TWT 2
Driver TWT 2 Off S Removes power for Driver TWT 2
Select Driver TWT 1 S Selects Driver TWT 1
Select Driver TWT 2 S Selects Driver TWT 2

TDA 1 On, TDA 2 Off (Preamp) S

TDA'2 On, TDA 2 Off (preamp) S

LO 1 On, LO 2 Off
LO 2 On, LO 1 Off
TDA 1 On, TDA 2 Off (driver)
TDA 2 On, TDA 1 Off (driver)

Receiver - Off

TWT HV Timer Override

w

Applies voltage to Preamp TDA 1
Selects TDA 1

Applies voltage to Preamp TDA 1
Selects TDA 2

Applies power to LO 1, selects LO 1
Applies power to LO 2, selects LO 2

Applies power to Driver TDA 1,
Selects TDA 1

Applies power to Driver TDA 2,
Selects TDA 2

Removes power from communications
luding TWT'
systems, excluding s

Bypasses Timer Delay circuit in TWT High
Voltage supply in case of delay circuit
failure

Command Totals:  Type S - 38
Type A - 5
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TABLE B.4
Power Subsystem Commands
Command Type Function Notes
Battery Off = Removes Battery Off Bus -
Recondition/Charge | S Places on Charge
Battery Off - Removes Battery Off Bus -
Recondition/Discharge S Places on Discharge
Battery On S Places Battery on Charge
Select Converter 1 S Selects Converter 1
Select Converter 2 S Selects Converter 2
Current Monitors On S Applies Power to current monitors
Current Monitors Off S Removes power from current monitors
Undervoltage Control Normal | S Allows undervoltage control to remove
selected loads during low primary bus
voltage conditions
Undervoltage Control Overridg S Inhibits Normal Condition

Command Totals: Type S =~ 9



APPENDIX C

COMPARISON OF PDM AND FSK TONE DIGITAL SYSTEMS

The Pulse Duration Modulation (PDM) and the Frequency Shift Key
System (FSK) techniques for the tone digital system are considered in detail

to demonstrate the advantages of the latter technique for the command system,

General Considerations

The optimum signal power, for a certain probability rate will first
be calculated for both techniques, assuming that the digital message is trans-

mitted by on~off bursts of a tone (sine wave), and is received by an envelope
detector.

In our case, the required bit error rate probability has been

established as 1 x 10"6, and it is assumed that the noise at the receiver
input is gaussian,

Error rates will depend on how the decision is made at the envelope
detector output. In our case we consider that a simple threshold detector is
set for a threshold level of E_. Thus when the envelope exceeds the value
'E¢', it is judged to be a mark, otherwise it is called a space. Hence two
types of errors can occur

Type a) Send 'Mark' and receive 'Space’
Type b) Send 'Space' and receive 'Mark!

Bennet (Ref.C. 1) shows that the conditional probabilities for the two

kinds of errors can be given by ) 9 °o N 5
A%+ Eg Ec\ln [ A ,.
Pq = exp =5 2 = ra (C.1)
2 n=1
Py = exp [~ E (C.2)
242
Py, = Probability of error type a
P = Probability of error type b
A = Amplitude of '‘Mark'
E_ = Threshold level

& = Mean noise amplitude

1(m) = mth order modified Bessel Function

1.
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If the numbers of 'Marks' and 'Spaces' are equal, and if E_ = A/2,
then the probability of type 'a' errors will be less than that of type 'b'.
However the two types of errors can be made equally probable by setting
the threshold level af slightly more than half the peak carrier amplitude.
This has been done by Bennet (Ref. C. 1).and the results appropriate for
our requirements are reproduced here in Figure C. 1.

b) F.S.K System

In this system, "1"s and "0"s are distinguished by using two separate
tone frequencies. Further the tone burst representing the 'Mark' is only present
for half of the bitwidth. " A simplified block diagram of this system is given in
Figure C-2.

If the two tone frequencies are f_l and 'f' and the bit rate is 'F'
then the filter bandwidths required are f1 * 3F and f2 * 3F in order to pass
both the fundamental and the third harmonic of the tones.

We will consider a return to zero signal with a 50% mark to space
ratio and with equal probability of "1"s and "0"s. Then a bit error probabilit
of 1 x 1070 at the decoder is realized for a bit error probability of 2.5 x 10~
for each of the command tone pulses, with the detector set for 52% of the
peak signal amplitude. From Figure C-1 this corresponds to a 'on state'
signal-to-noise power ratio of 17,45 dB, or, for an average signal energy per
bit to average noise energy per bit, of 14.45 dB where the filter bandwidth
is 6F.

c) P.D.M. System

This system requires only one tone to transmit both '1' and '0', however,
the duration of the tone burst is varied to distinguish between the two. We will
consider the case of return to zero signal where the tone burst for a '1' is half of
a bit width and for the '0' it is one quarter of a bit width. A simplified block
diagram for this system is shown in Figure C-3,

For comparison purpose, we assume that the bit detector is ideal, hence
does not introduce additional errors.

To achieve a bit error probability of 1 x 107% at the decoder the
required error probability of the '0' signal is 2.5 x 10~7. From the graph
(Figure C-1) the 'on state' signal-to-noise required is 17.45 dB, or the
average signal energy per bit to average noise ratio required is 11.45 dB with

a filter bandwidth of 12F,
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The required error probability of the '1' signal is 0.5 x 10°7

to achieve a bit error probability of 1 x 107, Thus from the graph
(Fig. C-1)the 'on state' signal to noise ratio required is 17.2 dB, or

the average signal energy per bit to average noise ratio requires is
14.2 dB with a bandwidth of 12F.

Thus in the P.D. M, System to achieve 1 x 1076 bit error
probability the minimum average signdl energy per bit to average noise
ratio required is 14.2 dB with a filter bandwidth of 12F and an ideal
'1', '0' detector.

d) Comparison of F.5.K, and P,D.M, Systems -

We note the following:

1) If 'No' is the average noise power in a unit bandwidth of
'F' Hz then the minimum signal to noise requirement is,

for FSK, S/No=14,5+ 7.8=22,3 dB
for PDM, S/No = 14,2+ 10.8=25,0 dB

2) The P.D.M. System requires a pulse width detector to
distinguish between '1' and '0' where as in F.5.K this

is achieved by using two tones,

The above two reasons favor the F,S.K. technique; hence we
choose F,S.K, for the command system.

Reference

C.1 Bennett, W.R.: "Electrical Noise" McGraw=Hill Book
Company, Inc. New York,. 1960
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APPENDIX D
1. COMMAND SIGNAL BANDWIDTH OPTIMIZATION

Introduction

In this appendix the optimum frequency deviations for the operational
commands, the ranging tones and the subcarrier are derived and used to
calculate the receiver noise bandwidth. The latter portion deals with the
Command System RF link. The various parameters of the RF equation are
defined and the command transmitter power is calculited,

We begin with a discussion of the requfrements of each signal and
then combine them optimumly.

a) Operational Commands

Since only one of three tones is present at one time we shall consider
only the highest frequency tone of 17 kHz, the assumed bit rate of 128 bits/sec
and the required average signal energy per bit to noise ratio required is 14,5 dB
in a bandwidth of 6 times the bit rate (from Appendix E).

Over a 5 year period a certain degradation in the sysferﬁ due to
components and filter drifts can be expected. We will allow é dB for equip-
ment degradation and 2 dB for filter drift.

We want the commands to be accepted with reasonable accuracy 5 dB
below the receiver threshold. Below the receiver threshold the loss in signal
power is of the order of 3 dB per dB loss in carrier power. Adding up all the
allowances leads to a minimum S/N requirement at 10 dB C/N of 37.5 dB,

We shall round this off to 40 dB for convenience.

Now the standard FM equation is

Sy/N = (C/N) M? B (D.1)
where Mf = modulation index for command tones

= A\ ft/ft

fy = highest frequency command tone
= 17 kHz
A Ff = Peak deviation due to command tone
B receiver noise bandwidth

by = command signal bandwidth

6 x bit rate = 850 Hz
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If A\ f_is the peak carrier deviation due to all the signals present in the
baseband, then by Carson's rule

B = 2Af, +fp)
where fp, is the highest baseband frequency of 50 kHz.
Then  B=2(Af, +50x 109)., (D.2)

Substituting the values in the FM equation and assuming a 10 dB C/N ratio
we find that

(A £)2 (B/2) = 2.46x 1014 (D.3)

b) Ranging Tones

The minimum signal to noise ratio required for these is 40 dB in 1 Hz
output bandwidth., From the standard F. M. equation

S,/N=C/N M2 B/2by (D.4)
where M, = Modulation index for the highest range tone
= A_—&
fe
f. = highest range tone
= 50 kHz
[\ f, = Peak deviation due to range tone

= range tone bandwidth
= 1 Hz

r

By substituting the known values we find

(D)2 (B/2) = 2.5x 1012 (D.5)
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c) Sub-carrier modulated by Artificial Earth Pulse (A.E.P)

The bandwidth allowed for these pulses is 250 Hz and the minimum
signal to noise ratio is 37 dB.

For optimum condition the receiver threshold should occur
simultaneously with that of the S.C,O. discriminator. Then for the
S.C.O. discriminator alone we can write

Se/N=35. Mg Bs (D.9)
N 2b, :
where
’ S¢/N - = signal to noise ratio at the input of the discriminator

11 dB at threshold

Modulation index for the A,E,P,

<
1

Discriminator noise bandwidth

w
i

= 250 (M7 + 1) x 2 by Carson's rule
by = signal bandwidth
= 250 H.Z.
Solving for Mg we have
My = 4.8,

For the complete system we write

So/N =3 (C/N) Mg? M2 B (D.7)
2 W,
where M, = modulation index due to 5.C.O.
= A fs/ fg
f; = S.C.O. frequency
= 22 kHz

VARR 3
By substituting the known values we get

(A £)2 B = 1.4x 1017 (D.9)

peak deviation due to 5.C. O,

N
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d) Bandwidth and Frequency Deviations

Solving the equations (D.2),(D.3), (D.5), and (D.8) we find

Ls fo= 2.12kHz
Afs = 1.6 kHz
ZxF = 21.0 kHz
AN Fp = 24,72 kHz

Substituting the value of & fo in (D.2) we get
B = 2(24.72 +50) = 149.44 kHz

In Section 3.4.3, the receiver study shows that a minimum of 220 kHz
bandwidth tolerance is required to allow for the stability and drift over a
period of 5 years. Therefore,

Bandwidth for signal spectrum = 149.44 kHz
Bandwidth tolerance for drift = 220.0 kHz
Manufacturing tolerance 5% = 22.0 kHz
Thus total 3 dB Bandwidth = 391.44 kHz,

1.1 x 3 dB bandwidth

Therefore the receiver noise bandwidth

431 kHz

il

2. RF LINK
General

The basic Command System RF link is given in Figure 3~6. The command
transmitter output power P is defined at the antenna terminal and is thus assumed
to include the effects of transmission line losses. The command antenna gain G
is referred to an isotropic antenna.

RF Eguation

The required transmitter power P at the earth ahtenna terminal is
given by the following equation:;

Pe = P =Ge- G+ Ly +P, (D.9)

(o}
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where

P. = Minimum carrier power required

G, = Transmitting Antenna Gain (60 ft parabola)
G, = Receiving Antenna Gain
Lp = Path Loss

P, = Atmospheric Loss

Required Carrier Power at Receiver (P;)

All our earlier calculations are based on a carrier to noise power ratio
of 10 dB &t threshold. In view of the change in path losses due to rain and other
atmospheric conditions, and small antenna pointing errors we will allow 10 dB
for fading.

Equivalent Noise power at the input of receiver = KTBF

where K = 1.38x 10-23  Boltzman Constant

T = 290°K Absolute Temperature
B = 431 kHz Receiver noise bandwidth
F=15dB Receiver system noise figure (see receiver system)

Therefore the equivalent receiver input noise power = =132.7 dBw
Therefore, the carrier power required for 10 dB carrier fo noise ratio is

C (-132.7 + 10) dBw

= =112.7 dbw

Earth Antenna Gain (G)

The earth station antenna is assumed to be a 60 feet parabolic dish.
For the command frequency of 6.425 GHz the gain of the antenna is 59.0 dB
for 50% efficiency.
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Receiving Antenna Gain (G,)

The satellite antenna is presently visualized to be of biconical’
design. This antenna radiates a "doughnut" shaped pattern about the axis
of symmetry. Since the antenna is located on the spacecraft so that its
axis of symmetry coincides with the axis of rotation of the spacecraft, the
radiated pattern is strongest about the satellite's equatorial plane. Thus,
when the satellite is "on station" the command antenna will be most efficient
in receiving the signals.

Whilst the antenna gain in the direction of the earth is slightly
greater than isotropic, we will ignore the difference. This will permit
accommodation of possible small "nulls" in the antennas radiation pattern,
and will also provide a safety factor. Thus, we shall assume that

G, = 0dB

Path Loss

The path Loss Ly is obtained by standard definition. The equation
for path loss calculations is

L, = 20 log 4T¥S

p
)N

where

Lp = path loss expressed in decibels

S = slant range of satellite S from ground station G

= 22,300 n miles

A = signal wavelength

Therefore Lp = 200.7 dB

Atmospheric Loss (Pg)

The radiated command signal suffers a slight aftenuation whilst passing
through the atmosphere. This is quite small, but in recognition of this we shall
assume that 1 dB of signal is lost. Note that this is under standard weather
conditions. The effects of rain or other atmospheric effects will be considered
via "fading".




Transmitter Power Required

Substituting the values in the RF equation (D.9) we have

P

Cc

-112.7 - 59,0 - 0 + 200.7 + 1 dBw

B

30 dBw

= 1kW

22,
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APPENDIX E

TELEMETRY CODING SELECTION

Pulse Amplitude Modulation (PAM}, Pulse Duration Modulation (PDM}) and
Pulse Coding Modulation (PCM) techniques for multiplexing of the sampled
telemetry data appear most promising. We shall in this appendix consider
each technique separately and then make a decision as to which is the
most appropriate for our purposes. We begin with PAM,

a) Pulse Amplitude Modulation Considerations

With PAM, monitor signals are sampled over a short interval of
time and the value of the signal more or less averaged over the sample interval
is represented by the amplitude of the pulse. Basic sampling theory shows that
the sampling rate must exceed twice the bandwidth for proper sampling.

Analogue samples in a PAM system may have any amplitude within
the measurement range. Flags, on the other hand, will only have either the
minimum or maximum amplitude. The simplest way to transmit both analogue
samples and flags over a given PAM link is to provide equal sample weightings
so that a PAM sample will be either an analogue sample or a flag. Although
simple, this method is quite wasteful of spectrum utility since the information
carried by an analogue sample is much greater than that carried by a flag, but
the spectrum requirements for each are the same.

More efficient use of the spectrum could be obtained by multiplexing
several flags into one PAM sample. Typically, several flag signals with
geometrically adjusted amplitudes are added together so that the resultant
amplitude is an unambiguous function of the number and distribution of the
flag states. As an example, if four flags are to be multiplexed into a single
PAM sample, then their amplitudes may be adjusted in the ratio 1:2:4:8 giving
a possible 16 discrete amplitude levels (including the zero level) covering all
possible flag combinations.

The multiplexing technique, while being more efficient in spectrum
usage, is more complex and requires additional (although simple in concept)
multiplexing in the encoder section of the telemetry link, and must be processed
further in the decoder section before display. One of the desirable features of
the flags will thus be lost: simplicity.
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b) Pulse Duration Modulation Considerations

With Pulse Duration Modulation (PDM) the width of a pulse is
proportional fo the sample value of an analogue signal. But PCM is inferior
to PAM in efficiency (information rate vs transmitter power) and therefore
will increase telemetry transmitter power requirements. With current multi-
plexing and demultiplexing techniques, PAM can be handled as easily as
PDM although this was not the case in the past. (See ref. E.1). We see little
to recommend PDM over PAM,

c) Pulse Code Modulation System

In a Pulse Code Modulation (PCM) system, the magnitude of an
analogue sample to be transmitted is first adjusted, or "quantized" to the
closest level of a set of discrete values. This set of discrete values is then
transmitted in binary form. For an accuracy of 2% of full scale, we would
require 6 bits of information per sample.

Considering flags, we note that these may have only one of two
possible values. Therefore, we require only one bit to transmit a flag
sample.

PCM thus can be easily optimized for maximum efficiency since the
bit assignments can be adjusted in accordance with the signal requirements,

d) Sample Rates

The choice of coding is between PAM and PCM. PAM is ordinarily
favored for low capacity systems whilst PCM is favored for high capacity systems.
Since we have a medium capacity system, either PAM or PCM appears
practicable. Let us therefore proceed one step further and determine what
sample rates are practical or tolerable from the sampled signals. We start
with the housekeeping signals.

The housekeeping signals are used to telemeter parameter values such
as battery voltage, etc. Ordinarily, the values do not change very rapidly
therefore the sample rates can be relatively slow. The only possible problem
is in measuring transients, if indeed measuring of transients is considered
desirable. Transients occurring on voltage or current lines are usually
relatively sharp therefore monitoring of these becomes quite prohibitive
in a sampled system. We are led therefore, to consider sample rates of
analogue systems on the basis of normal monitoring only. Assuming an
interval based on 2" times one second, we feel that a 32 second sample
rate for analogue signals is reasonable.




Let us now consider flags, When we change the spacecraft from one
operational state to another, it is the change of flag status that confirms it.
Operationally, therefore, we would like to know the flag status relatively
soon after a command is sent and accepted.

The exact delay tolerance depends on the individual but a 4 second
(maximum) lag between acceptance of a command by the spacecraft, and
verification on the ground by flag seems reasonable.

We also find it convenient to allow that the spacecraft signature be
telemetered once every four seconds. This will help to simplify the encoder
requirements.

Insofar as the command verification is required, we assume that of
all the telemetered signals, this is the one that is required with the least
delay. We shall therefore assume that the rate of transmission of the verified
command is in 1 second intervals. On the average, then, we would receive
verification of command in 1/2 second plus the turn around time, or slightly
less than 1 second after the execute command has been sent.

e) Number of Sampled Channels

With the sampling rates established we may now proceed to develop
the telemetry formats by determining the numbers of analogue, flag, etc.
signals and to weigh their influence on the signal in accordance with the
sample rates. A provisional listing of telemetry channels is given in
Appendix F. From this listing we can convert the requirements as appropriate

for both PAM and PCM,

f) Coding Selection

We will first determine the possible frame configuration and band-
width requirement for a simple PAM scheme, then for a 6 bit PCM scheme,
and will select the most appropriate of the two.

Case 1 - PAM

If we consider a thirty~two second interval, the number of analogue
samples within that interval totals 88, while the number of flags, including
verification and signature, totals (73 + 5) x 8 + 14 x 32 or 1072, Since both
analogue samples and flags have equal weightings, the minimum number of
PAM samples is 1160 resulting in a sample rate of about 36 per second. Since

it is convenient for sample rates to correspond to multiples of 2, and to provide

for expansion (since this is still early in the development of the system) we
shall assume a sample rate of 40 per second.

25,
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All data will have been transmitted once every 32 seconds so the
total number of samples per main frame is 32 x 42 or 1280, We thus have
a reserve of 120 samples per main frame.

From the telemeiry channel requirements we see that many flags
will be transmitted every 4 seconds. This rate suggests itself as a reasonable
sub-frame rate. Thus there will be 8 sub-frames per main frame, and 160
PAM samples per sub=frame.

The 14 command verification signals are scheduled to be sampled
once per second. To fit this schedule into a sub-frame, these samples can
be super-commutated 4 times thus utilizing 56 of the 160 sub=frame samples.
Of the remaining 104 sub=frame samples, 78 are required for the 4 second
interval flags and signature, leaving 26 for analogue samples, synchronization
and spares. The 88 analogue samples will be subcommutated so that only 11 sub~
frame samples are required. The synchronizing requirements will be two
PAM sub-frame samples whilst the sub-frame identification will require
third. Thus we utilize 14 more sub-frame samples, leaving 12 as spares.

The spare samples can now be apportioned. We increase the
capacity of the 4 second flags from 73 to 80 and the analogue samples from
11 to 16 or 48 of the available spare samples. We will not increase the
capacity for verification or signature signals.

A typical 160 sample PAM sub-frame is shown in Figure E-1,
arranged into a 16 x 10 format for convenience.

Case 2 - PCM

For our purposes, - we shall consider a basic PCM system
using 6 bits per analogue channel and 1 bit per flag channel.

From the channel listings, we require 88 analogue samples in a
32 second interval; therefore the number of bits is 88 x 6 or 528 in a
32 second interval.

The required number of bits for flags, verification and signature
is 1072 in a 32 second interval. Therefore the to.al number of bits is
1600 per 32 seconds so that the average basic bit rate R is 50 bits per second.

For practical purposes, and to allow for expansion, synchronization and so
forth,we can assume that

R = 72 bits/second
giving rise fo a word rate of 12 words/second.
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Since the maximum sample interval is 32 seconds, that will also
be the main frame interval. The basic flag sample interval is 4 seconds
which we choose for sub=frame interval, hence there will be 8 sub-frames
per main frame. The 1 second intervals can be achieved by super-
commutating four times within a sub-frame.

Therefore

il

48

No. of words per sub=frame

384

Il

No. of words per major frame

Now, we add synchronizing and frame identification. In each
sub=frame the first two PCM words are used for synch, and the third for
sub-frame identification. (Only 3 bits of the 6 available are required fo
identify 8 sub-frames hence the remaining 3 bits are available as spares).

Each sub-frame now comprises, by "rounding off" for command
verification and spacecraft signature®

Synch + sub-frame identification = 3 words
Verification (3 x 4) = 12 words
Spacecraft Signature = 1 word
4 sec. Flag samples = 12 words
32 sec. Analogue samples = 11 words
Spare words = 9 words
Total 48 words

A PCM sub-frame format based on this distribution is shown in
Figure 3-7 of section 3.3.4. The words are arranged into an 8 x 6 matrix
for convenience.

d) Comparison

Nichols and Rauch (ref. E. 1) have shown that for PAM a channel
bandwidth about 2.7 times the sample rate is required if crosstalk is to be
held to 40 dB or better. Since our assumed sample rate is 40 per second, we
would require a channel bandwidth of about 108 Hz.

* 14 bits are required for command verification. We shall assume that

3 PCM words will be used, the remaining 4 bits are available as spares.
in a similar manner we assume 1 PCM word is used for the 5 spacecraft
signature bit,




In PCM, however, the channel bandwidth need not be much greater

than the sample rate, and since we assume 72 samples per second, we require -

a channel bandwidth slightly more than 72 Hz. Thus the channel bandwidth
requirements are greater for PAM,
-

For a 6 bit PCM system, the required S/N ratio for an error of 1 in
10° bits is 13.3 dB, using non coherent detection. For a PAM system with
an error of 1.6% RMS (roughly equivalent fo the above 6 bit PCM system)

a S/N ratio of about 23.5 dB is required. Thus, the PAM system would
require about 9 dB more transmitter power than would the PCM system.

Thus we conclude that the PCM system is more preferable to the
PAM on S/N considerations alone, When we add the considerations that
much of the data is binary in any case, then the advantage of PCM is very
clear, indeed.

References
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APPENDIX F

PROVISIONAL SAMPLED TELEMETRY CHANNEL LISTING

A provisional listing of sampled Telemetry Channel Listing is given
in this Appendix. These are arranged under the following headings

1) Command and Telemetry - Table F.1
2) Spacecraft Control | - Table F.2
3) Communication System - Table F.3
4) Power Subsystem - Table F.4

The commands are classified as Analogue, Flag, Signature or
Verify. A detailed description of these classifications is given in
section 3.3.2 but briefly we may summarize them as follows

Analogue: These signals are general housekeeping signals and carry
information as to the value of the parameter telemetered
(such as battery voltages, etc.)

Flag: These signals indicate on/off or connected/disconnected
status of units by means of a single binary digit.

Signature: These signals, consisting of binary number sequence are used
to identify a particular spacecraft.

Verify: These signals permit the operator to verify that the command
has been understood correctly by the spacecraft's decoder.

30.
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TABLE F.1
PROVISIONAL SAMPLED TELEMETRY CHANNEL LISTING
for the COMMAND AND TELEMETRY SUBSYSTEM
Parameters Sampling | No. of
Interval Measure= | Signal Units Range
Mgnts
Command Receiver 1 AGC 32 sec. 1 Al;mlogue Volts Otob
Command Receiver 2 AGC 32 1 Analogue Volts Oto 5
Receiver Temperature 32 1 Analogue OF -30 to +150
Transmitter 1 RF Power 32 1 Analogue MW O.fo 600
Transmitter 2 RF Power 32 1 Analogue MW 0 to 600
Transmitter Temperature 32 1 Analogue OF ~30 to +150
Encoder 1 4 1 Flag - -
Encoder 2 4 [ Flag - ~
Transmitter 1 4 1 Flag - -
Transmitter 2 4 1 Flag - -
Command Verification Encoder 1 1 7 Flag - -
Command Verification Encoder 2 1 7. Flag ~ -
Full Scale Calibration 32 1 Analogue Volts -
Zero Scale Calibration 32 1 Analogue Volts -
Spacecraft Signature 4 5 Flag - -
Command Decoder 1 Standby 4 i Flag - -
Command Decoder 2 Standby 4 1 | Flag - -
Telemetry Sample Totals: ~ 8 Analogue @ 32 seconds
6 Flags @ 4 seconds
14 Verify @ 1 second

5 Signature @ 4 seconds
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TABLE F.2
PROVISIONAL SAMPLED TELEMETRY CHANNEL LISTING FOR TH
SPACECRAFT CONTROL SUBSYSTEM
Parameter Sampling | No. of
Interval Measure- | Signals Units Range
Ments
Motor Current 32 sec. 1 Analogue Amperes | 0 to 2
Motor Temperature 32 1 Analogue - °F 0 to 200
Conirol Channel Select Status 4 2 Flag - -
Despin Motor Center Bias 4 7 Flag volts
Thruster Temperature 32 4 Analogue °F 40 to 1000
Propellant System A Tank Pressure | 32 1 Analogue PS1 0 to 600
Propellant System B Tank Pressure | 32 ] Analogue PS1 0 to 600
Apogee Motor Temperature 32 1 Analogue OF 40 1o 1000
Heat Shield Temperature 32 1 Analogue °F -300 to +600
Booster Separation 4 1 Flag - -

10 Flag

Telemeiry Sample Totals: 10 Analogue @ 32 second infervals
@ 4 second intervals
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TABLE F.3
PROVISIONAL SAMPLED TELEMETRY CHANNEL LISTING FOR THE
COMMUNICATIONS SUBSYSTEM
Sampling | No. of
Parameters Interval Measure- | Signal Units Range
Ments
Preamp TDA 1 Bias Voltage 32 sec, 1 Analogue my 0 to 250
Preamp TDA 2 Bias Voltage 32 : 1 Analogue my 0 to 250
LO 1 Power Output 32 1 Analogue mw
LO 2 Power Output 32 1 Analogue mw
Driver TDA 1 Bias Voltage 32 1 Analogue my 0 to 250
Driver TDA 2 Bias Voltage 32 1 Analogue mv 0 to 250
Power and Drive TWT -
Helix Current 32 11 Analogue ma 0 to 500
Heater Cutrent 32 11 Analogue ma 0 to 500
Collector Current 32 11 Analogue ma 0 to 500
RF Power Output (Relative) 32 11 Analogue dbw 20
Temperature 32 11 Analogue OF -30 to +200
Preamp TDA 1 On 4 1 Flag - -
Preamp TDA 2 On ‘ 4 1 Flag - -
LEO 1 On 4 1 Flag - -
LO 2 On 4 1 Flag - -
Driver TDA' 1 On 4 1 Flag - -
Driver TDA 2 On 4 ] Flag - -
Driver TWT 1 On 4 1 Flag - -
Driver TWT 2 On 4 ] Flag - -
Main TWT's On 4 6 Flag - -
Standby TWT's On 4 3 Flag - -
TWT 1 Gain Setting 4 7 Flag - -
TWT 2 Gain Setting 4 7 Flag - -
TWT 3 Gain Setting 4 7 Flag - -
TWT 4 Gain Setting 4 7 Flag - -
TWT 5 Gain Setting 4 7 Flag - -
TWT 6 Gain Setting 4 7 Flag - -

Telemetry Sample Totals: 61 Analogue @ 32 second intervals

59 Flags - @ 4 second intervals

o ]
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TABLE F.4
PROVISIONAL SAMPLED TELEMETRY CHANNEL LISTING FOR THE
' POWER SUBSYSTEM
Sampling| No. of
Parameters Interval Measure- | Signal Units Range
Ments
Battery Temperature 32 sec. 1 Analogue °F -30 to +150
Battery Voltage 32 1 Analogue volts 16 to 33
Shunt Voltage Monitor 32 1 Analogue volts 0 to 20
Main Bus Voltage 32 1 Analogue volts 16 to 35
Main Bus Current 32 1 Analogue amps 0 to 20
Converter 1 Volis 32 1 Analogue Volts 0 to 32
Converter 2 Volts 32 1 Analogue Volts 0 to 32
Solar Array Temperature 1 32 1 Analogue OF -175 to +100
Battery Current 32 1 Analogue amps . =30 to +10
Converter 1 Status 4 1 Flag
Converter 2 Status 4 1 Flag
Battery on Charge 4 1 Flag
Battery on Discharge 4 [ Flag
Battery Current Sign 4 1 Flag N

Telemetry Sample Totals: 9 Analogue Channels @ 32 second intervals
@ 4 second intervals

5 Flags
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APPENDIX G

VHF BEACON PERFORMANCE

A Beacon transmission in the 136 MHz band is recommended tfo
ensure a relatively simple and quick acquisition following launch, and
continuous tracking in the parking or transfer orbits.

For the purpose of establishing the transmitter power, we can
assume that either the NASA Minitrack slot array or a 9 element Yagi
antennawill be used. Using the data available (Space Tracking and Data
Acquisition Network Facilities Report, Dec. 1965) we list in table G.1
the relevant parameters for the two antenna systems.

Table G. 1
Tracking Antenna Gains and Polarization Losses
Slot Array 9 Element Yagi
Antenna Gain, Gp 16.3 dB 19.2 dB
Polarization alignment loss - 3.0dB , -
Polarization loss - 3.0 dB

Transmitter Power Required using Slot Array for Tracking:=

Transmitter power requirements are calculated using equation G. 1

PR = Pr+Gr+Gp-P -Pp-Py-P (G.1)
where P, = Polarization loss

Pp = Power required at the receiver

P1 = Required Transmitter power

P, = Free space pcfh attenuation

Pp = Passive losses in the spacecraft

Gy = Transmitting Antenna Gain

Gp = Receiving Antenna Gain

P = Polarization alignment loss




The parameter values assumed are

Pr = -120 dBm
P = 167 dB

Pp = 2.7 dB
Gp = 16.2dB
Po= 3.0dB
Gr= 0dB

Substituting in equation G.1,
PT=PR'GT'GR+PL+PP+PA+PL
=-120-0-16.3+167.3+2,7+3,0+0

P = +36.7 dBm

Transmitter Power Required using, 9 element Yagi Antenna for Tracking:-

In this case there is no polarization alignment loss but there is a
3 dB polarization loss.

Thus using the equation G. 1
PT: -120-0-19.2+167.3+ 2.7+ 0+ 3.0
Py =-140.5+173.0 dBm

PT = +33.8 dBm

36.

A 5 watt beacon transmitter operating in the 136 MHz band is thus recommended.
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APPENDIX H

TELEMETRY CALCULATIONS

General

The telemetered signals from the spacecraft is recovered at the
earth station. For this siudy, we assume that a phase locked receiver is
used, The baseband signal is complex and comprises one subcarrier
modulated by coded telemetry signals three subcarriers modulated by real
time sensor signals, one execute monitor tone, and four ranging tones,

In a general case of 'N' baseband signals, the recoverable power
in the 1st order sidebands P is given by

P =2J;2X,) ﬁ J7X) Py (H. 1)
JoZ (Xn)

L=t

and the remaining carrier power P is given by

N 2 _
P. = PR ‘E o (X)) (H.2)

where  Pp = the total receiver power
X = phase deviation due to the ith base band signal
JO(Xi) = zero order Bessel function of argument X,

J'I(Xi) = 1st order Bessel function of argument Xi

Modulation Loss

We shall use the concept of modulation loss 'ML' defined as follows:

ML = the ratio of the total received power to that recovered
in the first order sidebands of the n'" signal.
= PR/P“ (H. 3)
and ML_ = the ratio of the total received power to that remaining

in the carrier

:PR/PC (H.4)



Now we can write

MLT = 20700 T 3R (H.5)
Jo2 (X ) i
and ML =TT 32K (H.6)
Vel
Baseband

The baseband signal listed in table H. 1 consists of four sub-carriers
and five tones.

Table H.1-  Baseband Signals

Signal "~ Use Frequency
1) Sub carrier 1 telemetry signal 8.64 kHz
2) Sub carrier 2 real time sensor 1 22 kHz
3) Sub carrier 3 real time sensor 2 40 kHz
4) Sub carrier 4 real time solar sensor 30 kHz
5) Ranging fone fj ranging 100 Hz
é)  Ranging tone f.o ranging 800 Hz
7) Ranging tone f 4 ranging 6.4 kHz
8) Ranging fone f.4 ranging 50 kHz
9) Execute monitor Monitor 14.5 kHz

tone
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Telemetry Signal

The telemetry signal is a PCM signal phase modulating a sub-carrier,
If & is the error rate then the signal to noise ratio for a coherent system is

€

¢
¢

]

1in 10° for S/N = 10.3 dB

1in 102 for S/N = 9.4 dB

il

Il

1in 10 for S/N = 8.2dB -

Whereas for a noncoherent system we have

é

1in 10° for S/N = 14.3 dB

€

Il

1in 10° for S/N = 13.3 dB
(= 1in10% for S/N=12.1dB
We shall assume a minimum error rate of 1 in 105 for a non coherent

system, thus if we use a coherenjf system it will give us additional safety margin.
Thus for an error rate of 1 in 10™ we require that

S/N=13.3dB
where the signal bandwidth is 72 Hz.

Real Time Sensor Signals

The real time signals require a bandwidth of 250 Hz and a Speak/N of
30 dB. Thus on rms basis

S/N = 27 dB
The relation between S/N, C/N and modulation index M is given by

S/N =3 C/N MZ% (H.7)

where B = receiver bandwidth
= baseband signal bandwidth
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By Carson's rule we have

B = 2(M+1b (H.8)
Therefore . 2"
S/N=§_C M (M + 1) (H.9)
N

Therefore assuming C/N is 10 dB for the threshold condition we have

2
10log M (M+1)=10log S/N =(27.0-10~ 4.8) dB

3C/N

- =12.2dB

or M2(M + 1) 16.6 (H. 10)

Solution of the above cubic equation gives
M=2,26 (H.17)
The subcarrier oscillafror bandwidth required using Carson's rule is given by
B=2(M+ 1) 250
= 1630 Hz (H.12)

Execute Monitor Tone

The up=link calculations for a F.5.K system with an envelop detector
indicate that for a bit error rate of 1 in 10~ we have

Mean signal power in 'ON' state _ 17.2 dB (H.13)
Mean noise power

The execute tone is also used to command the operation of thrusters,
where minimum on~time required is 20 msecs. A bandwidth of 150 Hz is
sufficient to pass both the fundamental and third harmonic components of this
execute signal.

Ranging Tones

From section 3.1.7 and Appendix A, the downlink requirements for
the ranging tone is a 1 Hz bandwidth and a 30 dB signal to noise ratio.



Summary

A summary of the performance requirements of the various baseband
signals is tabulated in Table H.2, where 'No' is the noise density per unit

(1 Hz) bandwidth.

Table H.2
Baseband S/No Summary
Signal | Function S/N dB| B.W., Hz S/No dB/Hz
1 Telemetry 13.3 72 31.9
2 Real Time 1 10.0 1630 42.1
3 Real Time 2 10.0 1630 42,1
4 Real Time solar | 10.0 1630 42.1
sensor
5 Ranging Tone 1| 30.0 1 30.0
6 Ranging Tone 2 | 30.0 1 30.0
7 Ranging Tone 3 | 30.0 1 30.0
8 R;]nging Tone 4 { 30.0 1 30.0
? Execute Tone 17.2 150 39.0

Calculations

For convenience of calculation, let us assume that ranging fones
also require a S/No of 31.9 dB and the Execute tone 42.1 dB. We can now
divide the above nine baseband signals in two groups, one of four and the other
of five, where each signal in any group phase-deviates the carrier by equal
amount as the others,

If Xa = phase deviation for a performance of 42.1 dB/Hz
and Xb = phase deviation for a performance of 31.9 dB/Hz

then the modulation loss from equation H.5 for one of the group 'a' signals is
given by

(MLa)™T = 2 Jy2(Xa) Jo0(Xa) Jo'O(xb) (H. 14)
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and that for one of the group 'b' signals

(ML)™" = 2317 (X)) J8(Xa) J,8(xp) (H.15)

For optimum performance, given . the above equations, we will
evaluate 'X,' and 'Xp' to minimize modulation loss. '

Let A=(S/No)a A =10 log (S/No)a  (H.16)
(S/No)b “(S/No)b
= (42,1 - 31.9) dB
=10.2 dB,
Thus '
_ 2 2
Mlp = 2074Xg) Jo2(Xp) (H.17)
MLa  2032%(xp) Jo2(X)
hence

32X = Ay antilog A (H.18)
J02(X) Jo&(Xb)

Thus for every value of 'Xq' there is a corresponding value of 'Xp' as

tabulated in Table H. 3.

Now using equations H. 14 and H. 15 from Table 1 the modulation
losses MLa and MLb are computed. They are also tabulated in Table H,3

Table H.3
Deviations due to Baseband Signals
X' X, "od (ML) dB (ML)~ B
0.32 0.1 -13.7986 ~-24,0032
0.40 0.127 -12,.3719 -22.7790
0.50 0.13 -11.1421 -23.1030
0.60 0.19 -10.1344 -20.9893
0.70 0.23 -10.5179 -20. 6884
0.80 0.275 ~10.8267 -20,7658

This yields as a minimum

MLy =10.5dB (H.17)
for xa = 0.7 radians
and MLy, =20.7 dB (H.18)
for Xb = 0. 23 radians



Transmitter Power Calculation

Consider

S/No = 42.1 dB
where No =KT (H.19)

Assuming that the noise temperature for a typical earth station is
200°K we have

No = 1.38 x 1029

x 200 watts/Hz
= 2,76 x 10~V watts/Hz
= =205.6 dBw/Hz ' (H. 20)

Therefore

S = =205.6 + 42,1
= =163.5 dBw - : (H.21)
and the receiver power Pp may be given by
Pp =-163.5 + ML
= -163.5 + 10.5
= =153.0 dBw (H.22)

This as yet does not allow any margin. We shall assume a 6 dB
margin, hence the nominal received power required is

Pg = =147.0 dBw (H.29)

Assuming a 60' parabola, with a 50% efficiency, the ground antenna
g P Y

gain at 4200 MHz is 55.6 dB. Taking a path loss of 197.3 dB,the required
EIRP of the spacecraft is

EIRP = PR - Gg *+ Lp
= -147 - 55.6 + 197.3

==5,3 dBw ‘ (H.24)
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In the antenna and harness section of the spacecraft the calculated
power loss is 2,6 dB (Section 3.4.2), hence the required telemetry transmitter
power is

Py =(-5.3 +2.6) dBw

 =-2.7 dBw (H.25)

= 537 milliwatts

Finally, we will check that for above deviations there is sufficient
carrier power for tracking purposes. From equation H.2

(ML) = JgB(Xe) Jo'%Xp)

30%0.7) J,1%0.29)

-4.3940 - 0.5765 dB

~4,9705 dB (H. 26)

Therefore 30% of the carrier power will be available for tracking purposes.

Tracking Performance Requirements

The telemetry transmitter will also be used for tracking. In the
previous section we have shown that 30% of the received signal is avail-
able for tracking. Here we shall check to see if the carrier=to=noise ratio
is adequate.

We will assume that for acquisition the required phase locked loop

bandwidth is 3 kHz, while tracking is done with a bandwidth of 300 Hz.

200°K
-205.6 dBw/Hz

If earth station noise temperature
then system noise density Ky

Noise power in 3 kHz bandwidth = »170.8 dBw
30% of carrier power (See transmitter power

calculation) = ~158.0 dBw
Carrier-to=noise ratio available for acquisition = 22,8 dB
Carrier-to=noise ratio available for tracking = 12.8 dB

The minimum carrier to noise ratio required for acquisition and
tracking can be as low as 3 dB. Hence we have minimum of 9.8 dB safety
margin which is adequate.
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APPENDIX A

PRELIMINARY STRUCTURAL ANALYSIS
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'APPENDIX B

DYNAMIC EQUATIONS OF MOTION




B. Dynamic Equations of Motion for the Spacecraft

A linearized dynamic model of the spacecraft was developed'
to study the performance of the decpin control system in the normal
cruise mode. The spacecraft was modelled as three rigid bodies} the
spinning rotor, the despun antenna, and a pendulum damper located on
the despun antenna. Damping dve tofuel slosh on the rotor vas ne-
glected. Inertia cross-products on the despun antenna ‘togethed with
the antenna center of mass offset were the major spacecraft anomalies

included in the model. . l

Figure B~1 illustrates the coordinate systems employed in the
derivation of the dynamic equations of motion. The reference coordir
nate frame (%, y, z) is.a right-handed ortnogonal frame with origin at’
the spacecraft center of mass, the x axis along the spacecraft velocity
vector, and the z axis pointed down along the local vertical. Fixed in
body 1 ( the despun antenns) is an orthogonal frame (il, 51, 51) with
the origin at thevactual center of mass of body 1. Parsllel to this

I DU T
coordinate frame is a similar frame (X , ¥ , 2z ) with ocigin (0') at
the nominal mass center of body 1. Body 2 ( the rotor) also contains

a body-fixed coordinate frame (x B 52) vith the orligin at the mass

2 Vg
center,

Define the angular position of body 1 by the transformstion equa-
tion;

xl 1 ¥ -0 X
il = "‘\b 1 ¢ y
21 e -p 1 z

vhere @, ©, snd ¥ are the roll, pitch, and yaw errors of the despun .

entenna. Similarly the position of body 2 relative to body 1 is der

fined by;
‘iz cos v 0 - sin v}, il
Yo = 0 1 0 ¥y
Z, sin v Q cos V. Zl

vhere v is the relative angular dicplacement. The position vectors of

t
bodies 1, 2, 3 (the damper mass) relative' to O are;




Body 1
(m,)
- e RN
Body 3- ~ Unperturbed dampey
{mg3) 4 -
3 position
Figure B-1 COORDINATE SYSTEMS




R1 = 8 xl + b Zq

Ry = ¢y

S AT 4 (e -
R3‘ dy, (e + 1) z

1 -—
and the position vector of O relstive to the reference origin is p.

Neglecting orbit rate, the linearized body rates arc:

Oy = fxg ot Oy oYz
Wp, = ) X, * (v + @) Y.t vz

. .

.In operation, the rotor relative spced_(v) will vary about some nominal

value by a small amount. Let

= +
\Y QS q
where (QS) is the rotor nominal relative spin speed (a constant).

~The rotational equation of motion for body 1 can be derived as;

m g dza d = - R— .:.. a- == .

' o —— + ——— . - L - b 4 . )
To MRxdt?. at (B2 " g 1 omg Ry X Ryp g @t Oy
where:

TO’ = external torque on body 1
= + +

M ny m, m3
R =2 (m & + m, B, + m, K)

M 1 Rl 22 373
5? = inertia dyadic of body 2
a% = relative velocity of body 2 relalive to body 1
::' - = + =
& @O @r
= 1 . .
3 = inertia dyadic about O due to the subsystem masses
o

(1)




Lol

_ Sl
= & +
L 5 2 2
The inertia dyadics were defined as;
T ¥ %y “lie ¥ Yy I3 % %y

LR RSP A Toz Y1 9y ~lps ¥y 2y

“h3 2 %y BTN 3% %

[ . ]
IT X, X, 0 0
= - T —
] 0 Ia v, ¥ 0
0 0 IT Zo Zo
= _
&, = 0
and the inertia dyadic QO was evaluated as:
2 2 2 Yy - - — -
+ S - :
l:mlb m,c + m3 {d + (e+1) 3 Xy ¥q 0 mlab Xy Zl
0 i [ml(d b )+m3(e*ﬂ)]yl vy mpdledn) vy 2y
-m, ab z. X m.,d(etn) z. ¥ .8 4m_ o tm_d |7

120 % % 38t 2y vy 18 TS gy




‘‘‘‘‘

In Equation (1), the term ﬁ3 is the time derivative of ﬁ3_relativ¢ to the

(;l’ §l’ El) coordinate frame. The operator %E represents time differenti-

ation relative to the reference frame.

Since the damper mass was assumed inertialess, the damper equation of

motion may be obtained directly by Newton's second law as

o . .
a T ,
Fo= m, ——si ' (2)
303 at®
where
Foo - KM+ B3

' 3

and (1) is the damper degree of freedom (parallel to the il axis), and (K)

and (B) are the damper spring and damping constants respectively.

In general, body 1 (the despun antenna) is controllgd in pitch such
that the El axis points along a given reference axis (i.e. local vertical).
Control is obtained vis a pitch error sensor, a motor torquer, and the
assoclated control electreonics. ILet the torque applied by the motor to -
the despun body along_&l be represented by Ty Clearly an equal and opposite
torque is applied to the rotor (assuming no external disturbance torques on the

vehicle) and hence the magnitude of the control torque is

= - Ty (4+8) (3)

Assuming no external forces acting on the spacecraft permits derivation

of the vehicle translational equation as:

2z gn-n 2
2= a“R a“R a°R
M Q—% + omy --§£ + m, -~§- + m ——7§ = 0 ()
dt at at © 3 at

Upon solving for (p) in Equation (k) end substituting into Equations (1) and

(2), the rotational eguation of motion for body 1 was derived as
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] 2 2 2 2y .1 Y- SRR
Liy= I+ Ip+ mlb +mye” + m3(d +e”) - % [(mzc m3d) + (@1b + m3e)]
- m, 8 :
le = 112 + =T (m3d - mzc)
m, &
Ll3 = 113 + mab - 5 (mlb + m3e)

n
Ly = md + -% (mzc - m3<1)

2 .2 2 1|2 2 2
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L3u=

m

th = m3(l - -&9)

Finally the equation of motion may be transformed into thé complex frequency

domain and written in the more convenient form



wvhere (s) is the

complex frequency.

&(s)

¥(s)

N(s)







