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: (Generai‘ed at H’\e Communlcahons Research Cem‘er af Shlrley Bay, Co
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. -CON_EeSCAN:TRACkING SYSTEM
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SECTION 1~

INTRODUCTION:

] . Ref'erence :_'

This reporf summarizes fhe antenna h‘cnckmg porhon of a study enhtled

"Consulting Services for CTS SHF Communications Experiments" and performed -

by RCA Limited for the Communication Research Center at Shirley Bay, -
. Ontario under contract PL 36001-1-3296. The remaining portion of the study
~dealing’ with ‘computer programs COMM and COMM] is completed under a
separate cover.

-
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SECTION 2

GENERAL

‘2_. 1 ScoEe .

~ The trend of communications satellite systems developmenf includes the -
SImpllcdhon of ground terminal facilities and the increase in satellite

* EIRP. " CTS is an example of an experimental system which has the above
as its objective and does' so by

a). operon‘mg in the 12 GHz and ]4 GHz bands
b) using a high power TWT fransmitter -

c) ‘using high gain, steerable antennas -

d) operahng from a near-stationary orbit .

in order that relative low cosf, 5|mp||ﬁed ground i'ermlnals may operdfe
wnfh it. .

o

JIn this report, we are concerned not with the aspect of transmitted or
received powers, but with the aspect of antenna tracking related to the
~CTS capdblllhes. For the purpose of this report, we categorize trdckmg
as: fo||OWS : :

(1) Manual = in which the operator causes the antenna to move °

- (2) Programmed - in which the antenna moves in a présCribed.’
" - ‘manner according to the characteristics of a reference source.
such as a mechanical cam, pofem‘lomefer output, ei'c.

() Auto Trdck - in whlch i'he dm‘enna moves in such a direction
*as to tend to reduce an error signal that is generated by the:
difference between the antenna to electrical boresight dnd i'he
line-of=sight beiween satellite and ground terminal

ldedlly, of course, for lovvesi' costs we maintain that i'he best tracking is
no tracking, implying that the station- keeping capablllhes of CTS should-

" be ‘adequate to maintain its observed pointing posmon wﬂhm the- effechve
beamwidth of an operating ground station.

LT “I
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Unforfunafely, such is not the case since CTS _being experimental , sacri-
fices some potential sfchon-keepmg capabilities in the interest of overall

- spacecraft weight. - Therefore, for all antenna sizes except the very
~ smallest, the observed satellite motion will exceed the ground antenna's
. beamWIdi'h A : : '

The fact that CTS i is not truly represen'rahve of i'he next’ generahon of communica-

tions safelllfes raises some fundamenf0| queshons v

1. How much’ efforf in time and money shou|d be invested in the CTS experi~

mental program to deve|op antenna auto fracking systems; if there is little .
likelihood: that such systems wou|d be used in-an operahonal sysi‘em'?>

2. Even though fechmca“y not needed, are fhere other advan'rages fo frack- - ‘
" ing systems in-future operational systems that may merit furfher consxdera-— '
tion? _ ‘

3. s programmed frackmg a reasonab|e alferncn‘lve for CTS durmg \‘he experl-
~ mental program'? '

To these, of course, we could add a moré bas:c ques'rlon - why have frackmg at
all? '

TradlhonaHy, anfenna auto tracking systems have been rather cosfly, bofh in
development and installation. The main reason for this has been the need for -
very precise performance coupled with the need for a large angular travel:
range. One need only to observe the operation of existing. systems; such as
NASA Rosman's 85 foot tracking antenna, to apprecmfe this..

Traditional sysfems are, of course, over des:gned for the needs of fhe CTS ground

" terminal. - Further traditional systems -are mostly "one of a kind" -.optimized for

a parhcu|ar specialized need. . If these were the only available concepfs, the
answers fo the first two questions posed above would be forthcoming immediately.
However, ‘recently there has been considerable interest = both experimentally-
and now operahonally in simpler limited performance; auto frockmg systems. -

Step track is currenfly fhe most prommenf in_this. class. ~

: A. fypic_al sfep-'i‘rack s defined by_ fhe fo||ow_ing general eharacfefieﬁeez

a)_' tracking coverage is hmli'ed .
: _b) ‘antenna motion is not continuous buf in mcrementa| sfeps
¢c) the inferval between steps is controllable _ - o
d). the loop is not closed except for- brlef time mfervals sfraddlmg '
R i'he step.

* See‘Apibendix D
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% See A'ppevndix C

Rough cost pr0|eci'|ons bqsed on this fechnlque suggesf i‘hdi‘ relqhvely low cost -

- systems, particularly in quantity seem feasible.. ‘For that reason we have
-examined some. lmpllcahons of sfep ‘track quite closely in 'H"IIS report.

More recenHy, a dlfferenf auto-track concepf has been developed using elec-v -
tronic beam deflection. Becquse of the basic similarity of this technique to the

: equler 'conjcal scanning" systems used in radars, we have retained the term-

*
"cone scan" for this system as well. In addition to potential low. cost, this
.fechmque also may provide better rejection to: fctdmg effecfs, cmd a more sensi~
tive measurement of error fhcm step frqck :

mental program and must be considered. While some significant development costs.
are still involved, these will be considerably lower than those encounfered ifa
more convenhonctl monopulse system were to be adapted.

Both sysfems also have qdvanfuges in operational systems. where an. uufo ~track

capability would provide

a) 'simpler antenna installation (reldxed Ievellmg requ:remenfs)

b) automatic satellite acquisition :

c) self-alignment to the earth-satellite |me~of—snghr

d) some degree of improved overall pointing in the presence of -
- winds or. where thermal distortions may be significant

to bartly compen-.sdf:e for the coéf of fhe-“fr‘acking chflif-y; v

Thus, fhe answer o the flrsf two- questions posed earlier beco'nes cledrer. To the

first, we say- that most certainly, reasonable effort in developing antenna i'rack

capablllfy is warranted. To the second  We sdy Yes. ,

This lecwes fhe last numbered que‘shon, relahng fo programmed track.: At first,
we thought that programmed tracking waos o reasonable procedure, buf as the
study progressed, we came to the conclusion that the performance, while
adequate, was not sufficiently good to compensate for the rather fussy and time -

~ consuming procedures necessary fo install, align and operafe the system. ‘|t may

be of interest to test, say, one mechanism during the program, but we would
place this activity at a very low priority- level. We make further commen’rs in-
the text.

2.3

Both sfep track and cone. scan sysfems are potentially sunfqble for the CTS experl-- ‘
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2.4

We now drrive at the queshon raised q|mosf as an-after fhoughf - why hqve
tracking at all? For technically minded personnel, manual tracking con in fact
be pr ‘actical and ot least ds accurate as programmed track and so is an accept=
able solution.  However, for experiments involving the Mobile.terminal, the
operafor's time may be of a premium. It may therefore be more profitable to *

" remove from his list of field duties the repefqhve task of satellite chasing.

And for TV receiver terminals, the concept of o "technically unattended"
terminal requires continuous operation without operator intervention.

Recbmmehdaﬁons

" We make the following recommendqhons regqrdmg the ground fermlndl antenna
. trqckmg cqqulllhes for fhe CTS experlmenfcd progrqm

1. Small fermmqls, say up to 2 feet -‘dlqmeter (nommqlly) may be leed
"Elliptical reflectors should be used if necessary to "shape" the beam so.
that it may be beﬂer supernmposed over the observed range of-CTS mohons. A

: @ " Installations wnfh antennas of quesf size (sqy, 2' to 6' 'nomlnql -diameter)

having relatively short operating intervals.(such as field 2-way voice units)
may be equipped with manual tracking capability only. - However, to-
- simplify operation, 3rd oxis adjustment should be provided so thf repeufed
-manual acquisitions can be made using one axis qd|usfmenfs.

3. Most Iqrger receive only fermmq|s representati ve of domeshc user' cqte-.
gories (5' to 10" nominal antenna dlqme’rer) shou|d be eqmpped Wl'l‘h
' 5|mp||ﬁed qufo—fruck cqqulllfy over a ||m|fed range.

4, Some Iqrge receive only fermmqls may be supphed with no fracking copa-
- bilities in SpeCIﬁc instances (See the last pqrqgroph of this sechon)

5.- Larger terminals capable of bofh receive and transmit functions (say, 6' to’
15" nominal antenna. dmmefer) should be equnpped wnfh both monuql and’
- auto-track facilities. * ‘

We have not considered the tracking needs for the main communications cbnfrol.
center at Oftawa. We assume that the existing, high. performqnce, convenhonql

~ monopulse sysfem qlreody pqrt of that installation will be used.

o >("In recommendation No. 4 qbove we have noted that some lorge receuve-only

terminals can be useful even . without tracking. This statement is made under. the
assumption that some experiments will need only o limited observational interval ,
and this interval can fit within the time that is required for the satellite line~of-
sight to pass through the ground terminal's antenna.beam. - (For an estimate of

" this time interval, ond ofher notes, see: section 4)

* Either step-track or cone-scanning systems.
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In fhese cases, antenna alignment can. be mode o comcude with the expecfed

line-of-sight .angle durlng some specific time mferval and faklng mfo consrderq-—
hon : o

" {a) The' noddmg motion occurs in sndereal hme which haos a time cycle
" cdbout 4 minutes less than universal time _
- (b). The fact that the useful time interval is longest when fhe sqfelhfe |s
~ at the exireme limits of its nodding range * '
" (c) Satellite motion predlchons are: qvculoble by transmitted dq’ro or
observohon

‘Further’ cmqusns of this mode will not be Underfoken as it is dependent upon the
“experimental requirements, fhe experlmentql time cycle,; and the qcfuol achieved

satellite orbn‘. o

Tracking Loss Esfimofe Summary .

One snde resulf of this sfudy is o revised estimate of anfenno frqckmg qnd deformc-_

tion losses in the 12 GHz and 14 GHz bands for ground terminals operating in-
the CTS experimented program. . Representative loss values, exceeded 0.01% of

the time, are given. in Table 2-1. These are exfracred from Tobles 8-2 cmd 8-3
of Section 8.

'We recommend that, unhl these’ volues are superceeded by an improved eshmqfe

or measured values, they be used as the "Tracking Loss" allowance entered into
appropriate system thermal noise. calculations: usmg Progrom COMMIA or equn— :

» volenf (vef. ]5)

* See Section 4



SUMMARY OF  ESTIMATED TRACKING LOSSES FOR.CTS GROUND TERMINALS

TERMINAL ~~ © ANTENNA . TYPEOF B S TRACKlNG LOSS (dB)

- | - DIAMETER TRACKING 12 GHz T N4 Gz
(Ft.) : - . ,
Radio Reqepﬁon (Fr) 2 — - . Fixed : ].4_ _ | N/A
Voice (2-Way) S | 4 ©° Manudl | ' ' 1.5 ' 1.8
TVReceive - . . 8 - . . Step-Track 1.2 . .. 1
Mobile 100 . Step-Track 1.6 . 20

-~ NOTES . - (1) Loss Exceeded 0.01% of the time
(2) . See Table 3.1 For 'definiﬂon of Tefmir'\als '

(3) - See Table 8-2 for ongulcr errors correspondmg '
fo losses at 12 GHz '

(4) V”See Table 8- 3 for angular errors correSpondmgH e
o losses at 14 GHz "

TABLE 2.1

97



3.1
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SECTION 3

GROUN D TERMINAL CONSI DERATIONS

Genei'al.

Only a few basic. pammei‘ers dlrecfly influence fhe frackmg characi‘erlshcs

~ These include antenna beamwidth (related to dlamefer), terminal location,

and intended use. In addition to these, the category of personnel operating o
or maintaining the terminal is also of consequence. We therefore begin this -

section by selecting an upproprlafe representative scsmplmg of terminal- con-
flgurahons. : :

3 2 Types of Termmals

The possible rcnge of tefrminal types that mlghf be usecl in a sysi“em uhhzmg the
CTS Spacecraft is rather enormous. For our purposes, therefore, we have chosen
to examine the representative selection which was earlier developed (ref. 1)
which still serves as a reasonable cross-section. They are categorized by func-'
tion and |denhf’ed_by nomlnal antenna diameter as summanzed in Table 3-1.

Recelve—only fermmals are represenfuﬂve of those which mlghf be used by non-
technical, or "consumer" type users. The 2 diameter version would be a fixed
(non- frackmg) type. used primarily for radio reception while the 8' diameter ver-
sion would require tracking (in one dimension) type. used prlmonly for television
reception. The intent for both of these terminals is to examine the ‘requirements
for a simple, pofenha”y inexpensive, minimum “technical configuration for a

_consumer market. A low cost step track (or cone-scan) type of frackmg should

be used rather than: programmed. frackmg for the larger diameter version.

Two-way voice service is fhoughf to be of more use from portable, |ighf—weighf
configurations. - The 4' diameter version is intended to satisfy this requirement..
The basic terminal does not have a tracking capability-as it is felt that two-way
voice commumcahons would be intermittent in use, and normal recxd|usi'men’r of
pomhng, once initial acquisition has been made , should be quite simple.

The larger dlamefer fermin'c:ls - the 10" 'and 30" versions - are re re'sent‘cmve of .
9 P

- those used by technical personnel. Their rather narrow bandwi_dfhs' qh_d accurate

pointing requirements tend to remove them from the " consumer user" category..
The 10" version intended for mobile terminal service may be equipped: w;'rh an
auto-irack cc:pablhfy as. We|| as manual irack. S



ASSUMED TYPES OF GROUND TERMINALS FOR THE CTS EXPERIMENTAL PROGRAM . . & -

TYPICAL - TRANSMIT - . PERSONNEL - .  OPERATING .

_SERVICEAA o DIAMETER CAPABILITY | CATEGORY* - DUTY CYCLE#**
RADIO.. RECEPTION (FM) _Szgl__f - T ﬁﬁTﬁZTﬁib o Eﬁﬁfiﬁﬁﬁﬁ§7‘
VOICE (2-WAY) o T4 . | 4'YES o 't'VARIABLE‘ L -_INTERMITTENT'
TV RECEIVE . 8 . OPTIONAL | UNTRAINED ~  CONTINUOUS
TV TRANSMIT (MOBILE) - 10 oy ~ TRAINED AS REQ7D.
CONTROL 30 o yEs . TRATNED - n AS‘REQ'D,l

* NOTES ON PERSONNEL CATEGORY

(a) . UNTRAINED - persons such as househdldefs,-general public, etc.
- .(b) . VARIABLE - 'skilled or unskilled‘in operation of”2—way radio eQuipmept.
(c) TRAINED - skilled électroﬁics~persdnnel with tracking system experience.

%% NOTES ON DUTY CYCLE

(a) . CONTINUOUS - equipment to be installed and'lefg.unéttended for long periods of time:

(b) INTERMITTENT- -ppefatiOn usually for 1/2 to-1 Hour at & time.. Selectablé'réFaQQSitibn norﬁally A
' ‘required for each operational interval. ’ ' SRR .

(c) AS REQ'D. ' - stations normally . manned and opérational time will bé,bre—afranged,or’pré;SCheduled.

TABLE 3-1
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3.4

- Some def’mhons mlghf be made at fhls point. Because of an. assumed CTS orbital

' Tracklng Lme and Trackmg Angle

3.3.

Some form of program track could be provnded on an optional baSIs as an experlment. .
The 30" version represents the control terminal and is |nc|uded for complefeness

‘ only and no furfher dlscu55|on will be made.

Terminal Locations

The representahve fermmal may be located anywhere on the earth's surface Wl‘l‘h‘
in the 5° coverage circle * appropriate to the CTS satellite located af its
|nfended nominal parking spot at 114°W longitude. The study aspects for track-
ing requnremenrs have stressed adaptability of allgnmenr and tracking throughout
this range so that an acrua| speclflcahon of |oca’r|on is nof necessary for’ mosf

. purposes.

However, for specific evaluations we have selected a geographlcal slfe Norabl.y,

* some of the analysis of the observed motion of the satellite has been performed
with the observer at Ottawa (see Appendix A).. The observed satell lfe mohons .
. would in general vary from-one point fo ancther but the’ general or "gross"

behaviour should not change SIgnlflcanHy and such changes as’ mlghf occur can be
easnly compensated for,

"tilt" relative to the earth's equatorial plane; a spacecraff in cnrcular orblf will”
be observed to move alonga very narrow "figure 8" . :
If, however, the observer is in. Canada, his polnf-of-wew W||| be dlfferenf and the

observed motion will be sllghfly modified. Further, if he is not on the same longi-
~ tude as the satellite, the path alignment will have an east-west component. The -

alignment of the "figure 8" will be defined as the tracking line, and-the angle’ of -

. the tracking line measured from the vertical will be-defined as the ' tracking

- angle" ** as shown in Figure 3-=1. This permiis an antenna that is equipped with
- rotatable "fracking" axis to be oriented such that the tracking axis is perpendi-

- cular to the tracking line in which case on|y one tracking mechanism is needed,

proV|d|ng fha_r other rncnden_ral E- W motions do not exceed.fhe antenna beamw_ldfh.

The 5 coverage circle is an |mag|nary c:rcle on rhe earrh's surface enclosmg

a|| points where a ground antenna can "see" the sarelllre at an elevahon angle -

" of 5° of more above ifs local horizon,

" %% The observed satellite motion when other- perfurbmg mfluences (such as

- eccentricity due to solar pressure) are. added will in general be along a d:fferent '

path-than the frackmg line. We WI|| consider fhls |arer
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3.5

3.5

Ground Station Anrenna 'Beamwidfhs

The beamwidth of an-antenna is a funchon of both its Frequency and its dlamefer |

" One further characteristic must be speCIFled to prowde a more complete under=

s’randmg. This is the definition of the loss in maximum gcun at the beam edge. ‘_If
is common practice to. specufy beamwidths at the 3 dB down points; however, in-
more accurate systems it is advcmfageous to specify. beamwidth at somefhmg less
than the 3 dB points, such as the 2 dB, 1 dB, or .5 dB down points. Figure 3~2

.. shows the beamwidth characteristic for a typical parabollc reflec’ror antenna of -

10" dlamefer ata Frequency of 14 GHz.

. Figure 3-3 is a graph prepored to |||usfrctfe the relafibns_Hip between the antenna .-

diameter and various beamwidths as specified above at a frequency of 12 GHz.
The curves are appropriate for an-assumed pCl!‘ClbOllC antenna with a 55% effici~

- ency value. The effect of applying different gain loss values to the beamwidth -

is clearly evident on this figure. For excmp|e, for a 10 foot diameter antenna
the beamwndfh at the 3 dB down points is 0.56 degrees, whereas it decreases to .
.23 degrees at fhe 0.5 dB down points. in this figure no allowance has been
made for tracking or other errors. Two horizontal réference lines have also been
included. One is at a beamwidth of 0.4 degrees which represents the maximum

" - limit of east-west motion of the satellite. Thus if the antenna is not' to be moved

east or west then the approprlcte beamW|d1'h must be larger than 0.4 degrees i in
order to prowde continuous coverage.. - A ‘second horizontal reference line has

- been shown at 0.2 degrees whlch was the orlgmal easf-Wes’r ob|echve

Flgure 3—-4 is a 51m||ar grqph prepared for 14 GHz ﬁ'equen(:les corresponclmg fo
the transmitter bands for CTS. - The reduction in Beamwidth because of frequency.
for antennas of a given diameter is clearly evident: Table'3-2 [ists selected
beamwidth values for a representative selection. o : Do o
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 NOMINAL

]ANTENNA DIAMETER.f~

(Feet)

'050 5 dB DOWN S

10

VNOTE;,,Antennas'aseuﬁed to be StandardePataboiie:;ypesgwithWSSZ;efficiency;.

30}28

0.23¢

TYPICAL ANTENNA BEAMWIDTHS

'IZJGszvﬂlé GHz.">

0.56°  0.46°

[s}

0.19°

| BASIC BEAMWIDIHS
S 1.0.aB DOWN -

(Degrees)

U 11° 0.93°

0.23° - 0.40°

' 12 GHz

o}

- 0.81° -

)

]

- 0.35°

CIABIE 32

0.35

o

1470

0

0.68"

(o}

0.29°

e GHz

2.-8o

0,60

e (Degrees) ;'

144GHz'j? 14 GHz_f'“

"-‘_2.50.--"

0

- 1:207

0

- 0.48° -
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SECTION 4

SPACECRAFT ORBITAL CONSI DERATIONS

'_,'In fhls sechon, we brlefly consnder the presenfly understood orblral behawour

~ of the satellite, including the effects of the major-deviations. We examine -
first:the station~keeping folerance, and then assess rhe observed sai'ell |re

" motions resulhng from these tolerances

42 Safelllfe Srai'lon Keepmg lelfs

The foIIOW|ng characferlshcs for fhe sfahon keeplng Obllli‘y of ihe CTS safelllre V
have been assumed

a No norrh-soufh sfahon keeplng is provnded Therefore fhe maximum -
limits of the OI'bli‘Cll tilt of the CTS spacecraft has been assumed to
lie within the - 2 degrees maximum limits.

‘ b) A rofccl east-west movemenr of the satellite of ¥ 0, 2 degrees relative
~ " to its nominal longitude is permitted. This: latter figure has been
.- ..suggested by the Spacecraft Systems Group. in. order fo reduce some:
© of the spacecraﬁ fuel requlremenrs. ST

' The resulhng angular mohon of the spacecraﬁ relahve fo its nomlnal synchn onous -
- position may therefore be consudered fo ||e wrrhm o "box" of 0.4 degrees by 4.0
: degrees. P : .

4.3 ' Easf—Wesr Deadband Componenfs

_The easr-Wesr deadbcund of to. 2 degrees is consrdered ro be mcde up of 3 ma|or o
componeni’s v

a Dlsplacerﬁenf due to orbit inclination
'b) - Displacement due to the earth ir |ax|cu||fy S
¢) D|5p|acemenf due fo eccenfrlcﬂy resulting’ from solar pressure

chlues fol rhese dlsplacemfnfs dre glven ln Table 4- The fofol d|sp|acemem'r,
' .added on a'pedk basis, is = 0,189 degrees, leaving an unassigned value of

- Y, 011. degrees for ofher mlnor conh |buhons, not. spemfled N



SOURCE

‘-Orbltal Incllnatloni’f

’T:iaxielity’ﬂ

Solar Pressure

SUB-TOTAL.

‘Specified Limit -

Uhaesigned'_

T+

I+

BUDGET -

To.or75% o .

1+

0.025°

14

T 0.146° -

1+

T 0.1885°.

0.20000

“PEAKING FREQUENCY

‘2 times in 11 days (Nom)
(solar tlme) '

,,:;Twice daiiy (solar ;ime)in

,4 tlmes daily (51derea1 tlme)u ;1

/.-_*‘MAiN'EAST—WESTFDISPiACEMENZS FOR CIS .~ =~ 7

",OCCURENCE

A;ZZ orbital tilt llmit

Coﬁtinﬁbue!thrdﬁghqut‘life‘

.\thimum»once/Year o

'f'NOTES Peaklng frequency refers to the number of tlmes that the. max1mum dlsplacement
' ‘ occurs per noted 1nterval : S -

'Occurrence<refers'toJthe conditions.under,Which maximum peaking occurs.

TABLE 4-1.



RN

The. hme chardcferlshcs of i'hese dlspldcemeni‘s is of some’ mferesh Ignormg

- orbital precession due to the sun and the moon, each "figure 8" traverse due to .

_ _orbital tilt requires one sidereal day.. Therefore, the resultant east-west motion
“ due will occur twice per sidereal day. The east-west drift due to the' trlaxmllry
‘will require correction about every eleven days. Fmally the east~-west motion

" due to solar pressure will have a period of one solar day while its amplitude will -

o _menrs

Beccuse of the drfferenr cycle hme frdmes for the 3 major d|splccemenrs, the time ~
intervals during which. i'hey will add up on a purely peck basis are relatively few. -

- (In making this comment, we assume that satellite control procedures will hot

“include relaxing the tolerance applied to, say, correction of ‘i'l"lCleCl'li‘)’ dlsplace- 5
“ment when eccenfncrfy due to solcr pressure. is at |i's lowest). S ‘

The major source of drlfi‘ is due to. the effect of solak pressure. For a coni‘muous
interval of about 36% of the year. it will have a volue of less than 0,0950 resulhng_ :
in o total peak east-west displacement of about 0.15°, 25% less. than meximum.
For about 17% of the year this contribution will be less than 0.046° resulﬂng
ina peak EW dlsplocemenf of £0.10°, of half the maximum value. - Special .

“experiments. relahng to minimum iracking can thus be scheduled during this inter=
~val.: At other fimes, there will. always be penods of the day where total displace-
“ment errors-are small, or where the apparenf motion of the satellite slows down

(for exdmple at the exh’eme limits of the motion about the frackmg line) where

approprldi’e experlmenf schedulmg can be done to mqke use of rhese facrors._

4,4

D.ispl'dcerﬁeni' due- to Eccehrrici'ry'

‘ Consrdermg fhe error due to solar pressure rhe fo||owmg approxnmafe equchon o |
‘relcfes the ecceni‘ncrfy € to the edsf-wesi' motion C? * (in radians)

. For CTS the eclsf--WestL mohon of 0 146 degrees corresponds fo an orbli'al
eccenfrlcrfy of 0 001 28 ' _ :

* This"edularior\ is der'i._\‘/e'd-ih.'ref:':_'7.' S §@S i.s';irrfdcrr-r\me ,ﬁﬁ'e@._nqr‘ﬁ’oi'y,g .

pedk once a year. Flgure 4-1 |||ush‘cres fhe time’ behowour of rhese dlsplcce- | S
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- (b) E-W motion (@) vs time due to triaxiality and station kesping every 11 days

K

B et P

© E=-W motion .('@s) vs time due o soldr'préSSUre‘._- :

" TIME BEHAVIOR OF CTS EAST-WEST DISPLACEMENTS = -

U FIGURE4-1
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4 5 Observed Sarelllte N\ohons '

- A CRC compufer program enables fhe path of a sai'elhfe in an mclmed orbit and

having a given eccentricity, and as'seen by an-observer at any. observahon pomi'
to be ploﬁed on a'graph. Appendix A are individual plots for the case of an .

_ observer located af Ottawa. The satellite is assumed to have a 2° ~orbital hl’r
'-(con5|si‘onf with the CTS. llmlf’S) and a right ascenhon of O° Frg_ure 4-2 shows -
. fhe geomefry of fhe eor’rh-sofelllte sysi'em : e

An examination of these plofs reveols i'hcriL ’rhe observed motjons can vary from a
si‘ralghf line to an open circle at varying dngles depending upon the argument of

~ perigee and the eccentricity.. Since solar pressure: contributions, and therefore.

eccenh'lcn'y, cause the greofesf east-west motions, these curves are most

-important in determining what type of antenna fracking chorocferlshcs ore

requured for earth fermmuls.

li‘ is rather. dlfflculf ’ro examine fhe overall behowour of the satellite from these
plots. Therefore, the observed satellite motions for a range of eccentricities -

for specific arguments of perigee (A.P.) have been superimposed..- _Figures: 43

to 4-8 show their superimposed plots for A.P."s of 0°, 30°, 90% 150°; 180°,,

~and 240°. respectively with eccentricity.as a running: parameter. . The general
'observahon is that the actual tracking lines rotate as a function of €. for AvP."s

close to 0° or 180°, while the tracks themselves "open out™with € for AJP.'s
close to 90° or 270° These iwo effec’rs are exclus:ve, fhai‘ is, one |s mmnmum
whlle i'he oi'her is mammum. ‘ : ' *

, One can conclude fhaf i'he observed behakur is: varmble w:ih fhe argumenf of

perigee and that if the beamwidth is small compared to.the aggregate area fraced

“out by i'he safelhfe, fhen srmple one dimensional’ 'h'ackmg is: cleatly mpossnble.

Now, a set of SUpel |mposed curves were prepared for dlffereni' ecceni'rlcn'y
values.  These are shown in Figures 4-9 and 4~10 for. € 's of 0.001 and 0.01
with A, P. as-a running-parameter. Observe that the. envelope which encloses .
all possrble tracks is roughly a rectangle. Assiming that it is a reci'angle, then
FlgUie 4=11"shows the maximum size of these recfongles centered along the track=

| ing line. Clearly, the effect of € is primarily on the width of the. rectangle : .

rather than on its length. Further, the length of the rectangle is somewhat

larger than the nori'h-soui'h d:mensnon of the si'ahon-keeplng "box" (See 4 2)
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2

The graph of flgure 4-12 relates the E-W motion limits to eccentricity for both
the actual satellite motion and the observed motion perpendicular to the fr -ack~.
ing line. The observed motion limits are larger than the ‘actual motion limits. ~
The 'same relationship is likely to prevail for the drift due to orbital tilt so that, |
including triaxiality, the motion "box" seen by an observer at Ottawa will be’
perhaps.up to 15% wider and 10% longer than that specified, * ‘so that we can
take- fhe required "box" limits over which an earth terminal must track to be-
0.46° x 4, 4 cenfer_ed on, and aligned with, the ’rrcuckmg line.

Now recalling that the north-south motion due to inclination is based on a cycle ' ]

" of one sidereal day, and that the east-west motion due to eccentricity is based -
: on a cycle of one so|ar day, we conclude that the major axis of an elliptical

orbit will rotate 360°through the plane of the orbit once every year.  That is to
say, the satellite behaviour will describe all those motions of the preceding
figures that are appropriate to the range of eccenfrlcmes fo be encounfered

- And eccentricities will vary through the year.

Clearly, to avdid complex se’r'-up'swéishould

a) - use an antenna beamwidth wnde enough fo cover the narrow width. of
the overall recfang|e. ' '

b) use antenna tracking
) limit eXperimenmlmeasuremenf to a reasonable‘ length of time

These three con5|dercuf|ons form part of fhe basic ' rules ‘that we can dpply to
the frackmg needs. - -

2" nominal diameter

Observation Time Estimated for a 0.2° Beamwidth

Because the observed motion of the satellite within the box is quite complex,

the ideal solution is to have the antenna beamwidth completely cover the area
defined by the box so that tracking is not required. Except for the case of the
** antenna, this is an impossible requirement. Therefore, -
for all other antennas either the antenna must track, or the time duration that
useful reception is possible must be limited. Let us examine the latter ‘alter-
nahve. o '

* Furfh'er_.ndrl'h the dimensions of this.box tend to decrease.

** Actually, an elliptical reflector-would be used to "shape the beam to
optimize this coverage. ‘
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Suppose that the component of satellite motion along the tracking line is
sinusoidal with maximum amplitude A. Then the displacement "a" from the
nominal line=of-sight may be given by

_ 0 = AA’sfn (wt +€ ) _

‘ The rate‘—of—chaﬁgé_is' 6btained by diFFerenﬁd’rihg the above equation,

@

which is maximum when

da = Aw‘;os (wi' +.@ )

wi| + @ = o, 21, 4.'17“';“e’rc,.

so that

: NA’dW,@ is simply a phase constant determining when t is zero. For simplicity

we choose @ equal to zero, so that the maximum value of da/dt occurs when

-

and T -is}he_-périod éf'fhe sinusoid. THeréFére

w o= 27/

' QVer.a.s'horf period of time, the maximum total dis‘plac‘emeni'Adof_»fhe satellite

during a time Af is given _By,‘ _
' Aa =At dit / max
AN
providingA’r is very small compared to T. If we dssume that an ac'cepfdbl'e value

_OFA ais £'0.1° and that'A is - 2.2° (maximum observed satelljte displacement .’
from nominal along the tracking line) then . o

T

»~'___‘24 60~ Lo
FAUS '2rr: 2.2y *(& 0.7)

= 10.4 minutes .




which is the shortest time interval for the satellite to move through an observed

arc of 0.2° (12') along the tracking line and occurs when the satellite is cross=

ing the equatorial plane. For other positions the time interval will be longer. -

A At the limits of travel,

Af = 288 minutes *

ignoring basic alignment errors ,

* this assumes that the satellite moves + .0, 2° e.g. “from |_2,0°| >on |2.2°", n

thence back to l 2.0.°l._



5.1

5.2

5.3

" "SECTION 5

TRACKING METHODS

General

Before we examine the sources and magm’rudes of errors in a w0rkmg
system* we will briefly review the current applicable concepts for
tracking. Not all possible concepts are discussed - only those”

~ considered applicable to the CTS experimental program ob|ect|ves.

.The fact that the tctal observed satellite motion is cohfmed to

a. "box" 0.45° x 4.4° greatly simplifies the requirements. However,
thln the box, tracking accuracy may be reqmred to be very high.

. We conSIder manual ' prerammed and auto—track concepts as llsted

|n Table 5 1.

Manual Tracklng

This m'ethod of tracking is suitable for smaller antennas where their
greater beamwidth accomodates a larger percentage of the daily .

‘apparent " satellite motion, with only occasional peaking up of the. .

signal required, or for medium size antennas (say, up to 10 feef in ‘

‘diameter) in systems operated by skilled personnel with adequate

satellite motion predlchons

Figure 5-1 is a block diagram for a typical method of manual 'tracking" :

This method permits. remote adjustment of the antenna position using

‘switches and e|ec’rrlca| actuator motors, with posmon synchros for '

reference

For small antennas which require only very infrequent adjustment,. a

. simple hand wheel method of adjustment would suffice, w:’rh noelectric -

actuators or controls-required.

One-Axis Programmed Tracking

- The apparent sa’re”lfe motions have been discussed in-some detdil and

the feasibility of program tracking for CTS earth stations can be
analyzed together with fhe use of an adjustable third axis (frackl ng o
axis). - .

5.1

Error source estimates are derived in section 7 whlle total errors are

o developed in sechon 8.



ANTENNA TRACKING CONCEPTS FOR- LOW COST.GROUND “TERMINALS

IR ' A MOTICN ORIENTATION
_TRACKING CATEGORY VARTATION 1ST AXIS 2ND AXIS COMMENTS -

Manual Two Axes , Eleﬁetion_ Azimuth Manually controlled motor- driven systems are included
: : ’ in this category. : ce

Programmed _
(a) Simple  One Axis Tracking —— 0 — Manually controlled offsets in the azimuth direction to
: improve tracking accuracy are included in this category.-
(b) - Compound Two Axes - Tracking  Azimuth Timing of motion along the'tracking line is related to
' ' ' ' the sidereal clock. Timing along the azimuth plane is
related to both solar and sidereal clocks.
() 'Conventionalv Two Axes ‘Elevation  Azimuth Timing of motion in both planes is related to both solar
' and sidereal clocks. :
‘Auto-track
(a) Monopulse Two Axes Elevation  Azimuth Three receive,channels,are.required.
(b) Step - Two Axes_ Elevation Azimuth : Intermittent Antenna motion is used to. derlve error
T a signal from 51ngle Teceive channel AGC. -
(¢) Conical ‘Two Axes . Elevation Azimuth , ~ Continuous Electronic Deflection of Antenne Beam is

used to develop error signal from-single receive
channel AGC. Antenna moves only where error exceeds
specified magnitude.

TABLE 5-1

YA
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5.4

5.4

Where the observed satellite motions lie within a rectangle whose .
width is less than the specified beamwidth, single axis tracking
would be sufficient provided that the tracking axis cdn be ad-

- justed to coincide with the satellite tracking line. Figures 5-2

and 5-3 are block diagrams for single axis tracking. Both methods
employ a sidereal clock to drive a sinusoidal potentiometer. In

‘Figure 5-2, a linear potentiometer is driven by the antenna positioner

and its voltage output is compared to that from a sine potentiometer and
at a predetermined error voltage level, the actuator is operated,
driving the antenna until the error voltage is reduced to a lower -

limit set by the comparator. ‘In Figure 5-3 a position synchro is

. used fo supply the position indication for the comparator and the
“linear potentiometer is eliminated. This would permit better i re=
solution of position over the small range of ‘angular movement

through whuch control is reqmred

‘Two=Axis Programmed Tracking -

If the observed satellite motion .lies>within a box whose width L
exceeds the specified antenna beamwidth then two=-axis tracking is .

- reqUIred It is convenient to implement programmed tracking with

one axis governing motion along the tracking line while the other is-
governing mofion along the azimuth. A block dxagram of a system

Atncorpordtmg this me’rhod is shown in Flgure 5-4.

- Under the assumption fhcnL north=south satelhte motlons oceur in.
. sndereal time and east-west satellite motions occur in solar hme

the tracking mechanism must have clock references in both standards.
Since motion along the tracking line corresponds to north=south -
satellite motion, ifs programming mechanism need only be controlled
by a sidereal clock. However, for motion along the azimuth, the
programming mechanism must be controlled by both the sidereal and
the solar clock. This complication and its’ consequences ‘are -

- discussed further in Sechon 7.

‘]Trcxcking can also be accomplisned with the more conventional gzimuth
_and elevation axis. In this case both axes must be controlled by a

comblna’rlon of both clocks

Finally, we can contemplate tracking along the tracking line and’
per‘pendicular to the tracking line. In this case, the former
motion is confrolled by a sidereal clock; the latter by a solar

clock. This is perhaps the simplest mechanism requiring only that the

~two clocks be phased ihsofar as the fime aspects are concerned;, but
. requires a third axis. for proper set-—up, since azimuth angle se’mngs

are’ s’r||| required.
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5.5

In prqchce this observcmon and. compquson would be done ‘with l09|c '

- 5.8 ‘

) Cbrivenfiohd'l Monopulse'A'uf'o—'Trock

'F|gure 5-5 shows the blocl< diagram of a typlcol 3 chonnel convenhonol
monopulse auto-track system. This is the type- of system required for
higher performance systems and- narrow beamwidth’ antennas;, suchas on,
the 30' control station-at Ottawd . Because they are typ|cully very
expenswe we shall not consnder them further '

S’rep Trock |

For sqtellltes whlch have: limited qppqren’r motion'to eqrth stcmons a.

L method of tracking using discrete steps in elevation and a2|muth to peqk

up AGC vothQe has- been Found to be potennqlly snmple qnd mexpensnve *

Systems usmg this prmCIple are. currently bemg developed by RCA Limited

* for the-large Telesat Earth Station for operation at 4 and 6 GHz frequencnes
_For the relatively smaller CTS ground terminal. cmfennccs, the step track .
- approach should be equally suitable. Figure 5-6 is a block ClICIngIm of a

l‘yplCCIl step frctck system cclong one axis only, for S|mpl|cny

The basw opercmng prmcnples of a sfep trqck system are as follows .
" Assume that the antenna is pomted towards the satellite and that a sngnctl

is being received so that an AGC voltage is being developed in the ™
receiver. 'If the antenna boresight is sl|ghtly off from the antenna-to~° -

satellite line-of=sight, then the received signal will not be as greu’r as R o
~ it would be for perfect qlngnment Now, we give the cmfennq an o T T
‘arbitrarily small initial angular ! step in a‘random direction.” If thns ' B

initial step were in'a direction to increase the mnsulngnment, then the -
AGC level of the receiver would drop slightly. However, if the lnll‘lCll
step were in the opposite direction, the AGC level would increase .- Thus,

I( observation and comparison of the AGC level immediately before and after..

the step would reveal whether or not the initial rcmdom srep were” in the
rlghf direction. - S o , :

circuitry . If it decided that the initial step was in the wrong direction,

"the second step would be made in the opposite, or right direction . The AGC

levels of the second step would also be monitored to cdnfirm' whether the second
step -were made in the right direction. This action of stoppmg cmd conflrmmg

is conhnued throughout the trccckmg operating. mtervc«l

_ll is eusy to see ’rhqf for a series of steps, the antenna mohon would be

such as to reduce the misalignment between the boremght and-the ling-of - .
sight. .In efféct, the chctrucferlsnc is for the gcun to "climb the antenna . ©

. pattern” towqrds maximum.

See Appenclix B and Ref .- 3 for a.more detqiled_.diSc_Ussie:n._
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5.7

jﬁWhen the steps cause the antenna pomtlng to move: past the maxnmum,

the AGC level will again drop ¢ causing the logic circuit toreverse
the direction of the- steps. - The net effect, then, is that the. antenna .

" track motion will oscillate about the maximum . - On the average -

therefore a shght effectuve loss of gain must be . tolerqted
Some of the-prcblems \dussociqted with steptrajck_"lie‘.invdet:er‘rrt_li'r_ti:ng
| .d) .' octi\mUm st_ep.__'size o
b) _s..tep frequertcy

c) . 'logic decision criteri‘q

~since the effects of noise in the received S|gnq| fqdlng, and. antennq

distortions due'to wind all tend to upset the ‘accuracy of the stepe

- direction decisions upon Wthh the system is based. An estimate of the_
“errors-due to these effects is given in Section 7:- Further evaluations "

havé been performed. (fef 9) qnd field tests of qctuql systems are’ currehtly

3 contemplqted

Som_e»methcds' of ‘implementing step frack qfe given in: Table'.5<-f"}2 : :
Cone—-chn .

This is dmo’dificqtioh' of the classical type of "conical scanning " ysed by
certain types of tracking rqdqr system Figure 5=7 is a block diagram

of such a scheme..

In thls system, the qntennq ‘beam is e|ectron|cq|| "bent" throu ha .
Y Y gt

~small angle and the effect in the AGC oytput. of the receiver:is. noted
- The beam is then moved through the same angle mqgnltude but in the”

opposite direction, and again. the AGC output of the receiver is. noted.

Af the antenna boreslght were aligned with the satellite to ground line- . -
“of =signt, then the AGC output levels would not change However, if there E
- were.a ‘misalignment, then the AGC levels would be dlfferent '

'|n practice, the antenna beam “bendmg would be rapldly switched: chk

and forth between the two offsets, and the output of the AGC would be
synchronously switched into a balanced detector. The output from the
detector would be an error S|gnq| proportnonal to the mlsahgnment between

, boresnght and |me-—of—-snght

" Comsat has conducted tests using a 95 foof qntenno More recent|y Telesat
'has purchased termlnqls usmg step track systems from RCA L|m|ted



Method of
Actuator step

‘size control -

‘Ease of alt--

ering step
Size '

Modification

req'd to

standard

.actuator

:Effect of

friction &

'wind;gusté -

on ‘step size

Estimated

Normal "

accuracy -

Estimated.
accuracy
(worst env-

ironment)

. Relativé

development

cost

e

Timer

‘-AAccurate adjustable

electronic timer

.No prdblem

None

Can result in

" large errors

20%

4+ 100%

50%

- Lowest

Gear Driven Cam .

- on Actuator

Actuator motor
drives Cam.
Microswitch controls

motor relay

" May reqﬁire

different gears or
cams

Probable Major

" re-design

Small effect on

_ovértravel
+._ SO —

-~ . 5%

T oz
Medium

‘Magnetic Pipper

and Counter

Counter switches -

after presetl
No. of pulses

No problem except

variable in step
“increments only

Addition of perm
magnet to shaft
and associated
sensing coil

Small effect
on overtravel

:}: 29
. -_}.- 370‘ .

' Higﬁ"

POSSIBLE STEP CONTR6L~METHODS FOR'STEP?TRACK'SYSTEMS

Digital Output
from position

Follower
Mechanism on

. positioner

" Indicator

Digital pulses
counted & used
to switch motor

off

No pfoblem.

None

- Small effect
-on-overtravel

Zo1z7
ooy

Low:neglécting

positioner. cost

Amplifier cyclic
‘motion & limi

switch :

May be
difficult

‘None

Small effect .

_on overtravel

- 5%
+ .
- 7%
VMediuﬁ

. o TAB£§K5“2 (Continued'on Page 5.]3) ’

Stepper
Motor

Motor Pulsed '
req'd no.
of times'..

No problem

except variable:

in step incre-
ments only.

Major

.re~design

probable

None

Yo signifi-

cant error . -

"'Prbbably

highest - w»
. .;3



POSSIBLE STEP CONTROL METHODS FOR STEP TRACK SYSTEMS (Continved):

quantity produc-

.- tion

. Factors to -
" ¢onsider for
‘quantity -
. production

ATesting.couid}

show' this to

be an acceptable
method particu-
larly for small

antennas

Redesigned
actuator might
not be very

- expensive

. Could be
- installed at
"~ low cost-

TABLE 5-2

..Recommended
(if digital
.. position indi-’
cator. selected.
Probably not - -

the case for

smaller terminals

Not.. . -
‘recommended .-

Timer Gear Driven Cam - Magnefic Pipper ‘Digital Outbuﬁ eiFollower-, -YStepper
on _actuator . . & counter ‘ from position = Mechanism on”~ . Motor _

' ' indicator . positioner ' S
::Eétimated o Exeelleﬁt. :'Poor for -. .Good --Good . . Poor for Good
" reliability _ .1 million cycles K L 1 million cycles
,'Mhinteinability Excellent Good. . - V'Excelleﬁt : Excellent ’> 'faMay'be an_‘ Excellent !
o | o S " problem o
" Recommended Not ‘ Alternative to Not - Recommended 'Recotfpended_ ‘Not -~
-methods, small recommendéd -follower mech. - recommended - ) ' : recommended

. Probably.still

highest cost
but most

" accurate

'Q', positioning'v“
* provided . .

KN
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. Adding provisions to move the antenna beam along a path 90 to the
.above completes the facility necessary for two direction tracking. The

synchronous switch can also be used to separafe rhe error signals’ mto
azumuth and elevahon componenfs ' :

.SWITChlng may be reasonably rapid = a ]5 to 20 Hz raté is. probably

quite satisfactory .  This rate is fast enough that normal signal fading

- should not affect: the error sugnal since the rate. of fadlng is ‘ryp|ca||y

much slower

A mefhod of bending the beam is to insert probes of specified characteristics

‘3 into a stdndard horn at-specified locations. These probes are then connected .

~to termination, using switching diodes. These probes slightly distort the '

~ fields inside the horn resulting i in beam bendlng when only one termmaflon
is removed by openlng a swntch : :

CIf the. probes are connected to the diode stches via. narrow and pass fll‘rers,
‘then the ‘beam bending can be réstricted to a specified range of frequencies
“(say, around the beacon). - Thus the beam pointing at other frequencles,

and particularly for the signal, would not be affectéd, therefore maximum -

- antenna gain would be available. However, the’ cost would be'the -

addition of a separate beacon IF and AGC receuvmg system

A sys’rem makmg use of the above ’rechnlques has not yet’ been buul’r However,
- cone-scan appéars to be very attractive and could be quite economical after

“ development. We strongl_y suggest further mves‘rlgahon into this sys_’rem o
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SECTION 6

OPERATING PROCEDURES

General L

For. any ‘of the: fermmals we. assume fhaf a fable ||shng nommal azumuth elevahon
-~ and: trackmg angles as o function of latitude and. longitude’ would be avallable.
* The site. coordinates should also be known but the reference dlrechon of frue norfh

may not be anWn wnh much: accuracy°

For the 2 Foot and 8 Foof termmals, which are recelve only, rhe operators may have
“"no spemal trammg .and in many ¢ases would not know the phasmg or amplitude of . .
apparent satellite motion. The 2 foot fermmal ‘would not have any tracking famllfy. Lo
- The 8 foot. fermlnal mlghf have elther program frack along fhe h'ackmg lme or: 2 axis x S
'sfep frack ' : : : R P e

i'The 4 foof fermmal whlch would in general only be operated for shorf perlods oF hm_e .
- would only be' fitted with o manual trackmg capablhfy bur would probably have a _'

means fo ad|usf its frackmg ax:s.

- The 10 foot moblle TV terminal would most I|ke|y be ﬁﬂed W|fh 2 axis sfep e ack
. ‘(or cone-scan) but could also.includé either single axis or dual ax:s programmed

. - frackmgo A manual frackmg capabrllfy would a|so be prov:ded

6.2

A Anfenna Mounhng

A

- The 4' 'antenna f’or rhe portable fwo-way voice termlnal is assumed fo be mounted . .
.+ on'a.tripod pedestal: with o gear driven head, “The 2.foot radio feceive only. fermmal'; e b
. would probably be fitted with adjustable sliding brackets such as the standard mounts- < = = &

. for microwave tower’ mstallahons. The TV receive. termmal would probably have A

hand cr anks to i‘raverse its 8 foof dish.

* See "Types of Terminal " Table 3-1.




6.3

e

Acquisir'ron Merhoclsf. “

The flrst requnrement when settlng up any of the fermlnals is to determlne true
north as ‘accurately as possible, ‘Then the antenna is- posmoned to point at the
nominal azimuth and elevation angles as defermrned from: the tabl e provided for-

. the site coordinates. The anfenia posmoner is accurately levelled and,, . if this’
feafure is provided, its i'racklng axis is adjusted to the’ tracklng angle speclfled
in the table. Then with the receiver operahonal the antenna is moved either
. manually or automatically accorcllng toa prescrlbed search pattern in order to . -
; acqurre the satelhte., i‘_ : . - - : '

Witk manual search o searchlng rectangle woulcl be selecfed and the anfenna RPN
fimoved in azimuth sweeps ‘with discrete elevation’ step’ changes at the encl ‘of each [
- syeep such-that the full’ rectangle can be covered as shown in Figure é=1., The -
step changes would be selected to be less than the. 3 dB. bandwrdrh of ‘the anfennaff' N
and the sweep rate woulcl be' slow enough so that a concurrent frequency sweep. of . -
- @ bdnd of frequencres in the receiver would' result in lockr-on when the requrred B

carrler fo nonse |eve| is, exceeded (Ref H )

Control of sweep may be via swntch confrol and a remofe poslhon mdrcator or
. srmply by hand_crank. Acl|usfment by hand is sahsfactory for the smallest -~
canfennas, “The anfennas which are “provided for step track’ should automahcally
‘enfer into a search mode when first energized.  Their coverage can also be that. -
shown in Figure 6~1. "Program track systems could also be provided: wrth a search T

pr0gram but thrs would probably nor be necessary or |ust|f|ab|e. o

" The 2 foot qntennq requnes speclal attenhon inits ahgnmenf because it has no

- tracking capability and must’ be pointed:so that for the entire “diumal satellite = -

" path the required gain is provided:*. The anténna would be adjusted to provide -

.- peak | response separately 12 hours apart and the- sliding bracket which adjusts

- elevation . marked. at- these points. The location of the elevation zero crossmg o
‘point would be located approximately half way between the two points. -When -

the satellite next goes through this point the antenna: would be adjusted to. peak

. response again. Fora- "Figure 8" pattern of motion, this is now the correct

e

~“pointing. For an ellipticdl satellite motion, the same procedure wouldbe =
. followed except that the sliding brackets for both elevation and azimuth adjust="
" ment would be marked and the correct setting would be: half way between each " .
of rhese marks in- order that the antenna W||| point to the center of. fhe elllpse. SRR

Manual Track Operatlng Procedures

Thls would requrre perlochc peaklng up of the slgnai The perlocl beiween ‘cor= 'A
" rections may be increased by overcorrecting each hme, l.e clrrvrng pasi' fhe ‘
_'peak slgnal poslhon |n the drrechon of mohon. SR T
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6.5

With a position indicator and a table showing position as a funchon of time this

would be easily accomplished, and even at periods of. fastest apparent motion -

corrections for 1 dB variation would only be requnred approxrmafely every 15
mmures for ¢ a 'IO foo’r antenna. :

At the other extreme six hours later, the time to travel one beam width of 1 dB.
would be approximately 2 hours with a further 2 hours to come back to the same

y elevation. For other sizes rhe reqmred mfervals would vary . mversely wnfh rhe "
“antenna dlamefers.

If we con5|der rhaf steps should be made twice as offen to allow for. errors due to

' Wmd etc., this would still nor be a significant burden on the operofor

'Progrom Track Operoring Prdcedures

Manuql acquisition of rhe satellite must be performed flrsr, in occordance with fhe o

preceding procedures.” Following this, the tracking' motions must be phased with .
the observed satellite motions. To do this we note the angular positions of the .

satellite when manually acquired at intervals exactly 12 sidereal hours apart.. The

position half way between these limits should. be the zero crossing point. - A 'slight
correction may be: necessary when the sai‘elllfe crosses i'he zero polnf,and phqsmg

is complefe. :

The' ampllfude 'of tracking may be made next by manual acquisition at the expected
time of maximum displacement. It is assumed. that the angle about which tracking
is required would be known for the site and this would be preset. - Some slight .

“adjusiments of angle might be subsequen’rly reqUIred

Several p055|b|e mefhods of program tracking have been. dlscussed - For ‘each mefhod B

when the satellite has been acquired-there is a requirement to align or phase the
programming to the actual satellite motion. - Alignment can be accomplished using

_the reference point at which the satellite crosses through the zero reference point,

as was noted in the previous description of a method for ollgnmenr of ‘rhe 2 foof
anrenna followmg sqfelhte ocqmsmon : ' :

Where progrom rrackmg employs a snmple electro-mechanical. drive this would sim-

ply have to be adjusted to the starting position and the motor started up. - For the
more complex systems shown in Figures 5.3 and 5. 4 it would also be requrred to .

‘phase the outputs of the position indicators to the. reference sme-cosnne pofentlo- B

meters which musr be phased to ’rhe zero crossung point.
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In prachse the sine~cosine potenhometers would be phased dlrecfly to the clock
drivers and providing the clocks are on time they will provide the correct output.

To phcse the tracking would requ:re cud|usiment of the. poslhon indicator potentio-

meters such that their vol fage is the same as the sine=cosine pofenhomefer outpufs. '

Durlng the first few tracking cycles . AGC voltage should be recorded at regular :
intervals to provide an indication of how well the satellite is being tracked and
certain corrections to the program might be cudvcmfcgeous and subsequently at
periodic intervals spot checks should be made o deterniine whether or not the
tracking isstill within limits. lelt switches fo prevent the antenna. from bemg
drlven oufSIde the re—ccqulslhon range would culso be . a good Feafure.'

Auto-Trcuck Operahng Procedures .

" We describe aufo—trcck operahons from the. point of view of sfep—frack sysfems._

Mosf of ’rhese procedures are, however appllcable to the ofher systems

The bClSIC advantage of an automatic trcckmg system is fhctf onice enabled, there
should be little additional effort required further from the operator. A search
mode may be*included in the capabilities to relieve the operator from the task’ of
initial acquisition beyond that of ensuring. that the antenna: points approxumately
in the right direction. The search pattern is essentially the same as the des=
cribed in Figure 6-1.- Transition from the search mode to the fracking mode occurs
when the AGC level exceeds a preset threshold level . Defculs must, of course,
be left for the designers.

. Loss of slgnal while tracking should ordmarlly cause the system to revert fo fhe

search mode. Manual override, however, is recommended to prevent search
for specified events such as cessahon of spocecrcufi' emissions. ‘

During extremely bad weather conditions it should be pOSSIb'e to drwe the antennc '
to a stow position. This would be controlled by another switch, We recommend
that level lock switches be used for control (and for the override sw:ich) to prevent
quverfent opercuhon . -

Basic design of a step trcuck system would lnclude cud|usfcub|e s’rep size and ad|usf—

" able intervals between steps. Part of the experimental program should be con=

cerned with optimization of these. parameters for different signal conditions due. to
wind, Fcudmg, or other factors.

* Adjustment of mechanical cam followers also follows this principle.” |




7.1

7.2

SECTION 7.

ERROR SOURCES ~

.Generadl

: Any effect which causes the electrical boresight of the antenna to deviate from

the line-of-sight between the antenna and CTS resulting in a loss of antenna gain
is an error source for our purpose . (we do not, in this analysis, consider loss in

- .maximum gain due fo antenna surface contour deformation, tropospheric bending

of the sngnal wave, Faraday rotation, or Fadmg effecfs ) Not all of the effects
apply in eoch fracklng category. -

~ Broadly speaklng, we can dlvrde the errors in three classes

‘a) . Positional errors which resulf From dlfferences bei'ween the’ ussumed
- satellite position and the actual satellite posmon. .

b).. . Pointing errors which result fro'n deviations in the ground beam
‘ ”pomhng angle due to equupment or Operahonal limi tations. ’_

c) Operational errors whuch result from "deadband" allowances
|niroduced to snmpllfy certain operahonal procedures.

Table 7-1 lists the error under the above classification and |dent|f|es the ma|or
reglons of qppllcablllty.

Positional Errors

The meaning of "positional errors" may be taken to meon the difference between - - -

~ an assumed simplified satellite motion and the qctual mohon, and pnmanly applles -

to programmed tracklng systems.

We recall From Section 4 that norfh-south satelln‘e mofions resulf prlmarlly from orbm:l
tilt ( 2,09 nominal) while east—west motions result from three sources

a) __orbitql filt (£0.018°)
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°  CLASSIFICATION OF ERRORS IN ANTENNA TRACKING SYSTEMS

~ CLASS ” pESCRI?TION_ - P ‘ APPLICABILITY NOTE

Positioﬁal . Deviation in satellite position - ?rogrémmed Track
' ‘from that predicted C

Pointing : Antenna Distortion Due to Wind Manual Track - - .This confribution can be reduced if

Programmed Track auto~tracking is continuous.
Auto Track . : '

Measurement Errors " Manual Track -
Programming Errors : - ,Pfogrammed Track

Wind, Noise and Fading A . Auto Track - . . Step Track only,
(Step Track) - - : C - '

. Operational Deadband . .. Manual Track Depends on correction interval ,
R : S ’ ‘ ' Auto Track = . Hysteresis effect," -

A



b) triexiality (f0.025°)

» c) \sol'crr preésure (f 0.146°) . "

'd)-orhers(l.omlo) ' r
ecuch wuth its own hme frame of reference.
North-soufh CTS motion is maln|y smusmdal - We shall, hoWever,‘cesume that .
a small contribution ‘due to "other" motions is also present. * An allowance

f oy 0 0]0° will be mh'oduced i'o account for the variations from a smusord

Pr_ogrcrmmed fracking c:long the Iine of fr"crck _(following, norfh—éoufh safellife" )

motions) is implemented by generating a sinusoidal reference with a period of
1 sidereal day and then causing the antenna motion to follow the reference.

.Ignormg errors in the reference signal (which will be considered under pointing -

errors,) the positional errors along the line of track are solely due to. "others"
and are therefore taken to be about £ 0.010°: These are lncreased by 10% to

yield the observed limit (See Flgure 4—11)

Any aﬂempt to develop an equa’rron premsely descrrbmg mohon perpendrcular

“to the tracking line (following east-west motions), or to shape a "cam" so that -

a mechanical follower can reproduce the motion, would be exrremely difficult,

if not impossible. A more reasonable procedure would be to follow the motion
of the greatest conh’rbuhon (solar pressure) ‘and to:accept. the motions of the .
others as "errors". Assuming that the motion due.to solar pressure is sinusoidal,
then a frc:cklng reference signal can be developed to follow its contribution. -
The remaining deviations after removal of the solar pressure coniribution consti-
tute positional error limits. We increase these by 15% to determine the-observed .
error limits (See Figure 4~11). Table 7-2 lists these errors both along and-per-

‘pendicular in the line of track.

If we frack along ,the_,'rrcsck‘i‘ng line only, the positional error-;.)'erpendicul‘qr to

- this line.is equal to the total observed E-W motion of the satellite. - The conse-

quences of doing this are seen later when we add together all errors.

- Due to grcsvﬁcrhoncrf effects and also the fact that satellite motions are in
fact described on the surface of a sphere, rather than on a plane. Chcmges
in observahonal cmgles are also included here. o



POSITIONAL ERROR DERIVATIONS.

. CONTRIBUTION

(2) Assuming ideal tracking mechanisms

(3) As observed from Ottawa.'

‘the actual error.

~.

TABLE 7'~ 2

NOTES; (1)’:"0thers “are estimated to. be = 0.010°

DEVIATION (DEGREES)
AT LIMITS . ALONG LINE OF TRACK PERPENDICULAR T0 LINE OF TRACK
Solar Pressure t 0 i 0.146
| Triaxieiityi U - 0 _tv0,025
" Orbital Tilt T 2.000. T 0,018
Othets To.010 T o010
t 2,010 0,199
Ideal Tracking Range - 2.000 . = 0.146
: Position Error (Actual) * 0.010 * 0.053
quition'Errof'(ohserved)i 0.012 'i10.06l

in both directions.

This is about 15/ higher than




7.3 Poi.nﬁng Errors.

7.4

Such errors arise from
a) | basie antenna distortion due to wind
b) .meesdrement errors in manual tracking
c) lprogra‘mming er_rors iq pregl.‘q'njﬁjed friac_ki_ng( " o
d) "step frack e'rrérsdue fo wind'end -noise-a.nd Ifading

The effective’ magnlfude of the confrlbuhon from these sources depends upon the

‘frackmg system under consideration. For examp|e, if a program ’rrackmg system

is in use, wind errors are quite pr ominent, but noise errors are nof mh'oduced

For cone-scan systems, wind errors may be relahvely small (companed to pro= -
grammed track) if sampling and corrections are continuous , but noise errors

(in the error signal) may be quite significant. For our purpose, we are examining

" the use of a step-track auto-track scheme so fhaf, since. samplmg and correchons
- ‘are mfermlHenf, wind effec'rs are significant. ' - - -

Basic. 'Anfenna :Dis’rorfions Due to Wind

The effecf of wind is fo generate forces which tend to deform ‘the antenna.and

~ mount structure or, because of unequal wind forces arising from the pecuhar

antenna constructions and wind angles, to develop torques about the axis of

_rotation. A rough assessment of these deformations has been made for a 10" :

diameter antenna installed on a mount having the general concep’r shown in-
Figure 7-1. The values resulting from this assessment are given in the approprl- '
ate column -of Table 7-3.. In compiling this table, we have not analyzed a
design. Rather, we have examined a concept only so that we may derive a

* reasonably-justifiable expectation for the performance. of an antenna which .

might be designed along the llnes suggested by the format.

a) the rigidity of smaller anfennas is |ess 50 fhat fhe deformlhes may
“be considered equal

7.5

" Values for fhe other antenna dlame’rers in Table 7—3 are. scaled from ’rhe 10' base-- .
* line under the assumphon that; ‘ -
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(SHEET-l)

PRELIMINARY ANTENNA DEFORMATION BUDGET

REFLECTOR

Bendlng Due to.Wind and Grav1ty
’ , Sub_Total

ELEVATION

- Effect of Ring Twist
" Ring Support leferentlal Error
Main Bearing - '
(2) Linkage Bearlng

. Linkage Expansion’ —Temperature@ﬁT-lOF)'

‘Linkage Expansion - Pressure(Al*ﬂOOO#)
Sub-Total

»TRACKING

Elevation Housing Bendlng
- Main Bearing
Tracklng Housing Bendlng
Shaft Bendlng

Sub—T&tai

AZIMUTH

Maln Bearlng
(2) Linkage Bearlng

Linkage Expansion—Temperature GAT—lO F) ,i'g

' Llnkage Expansion—Pressure (AF’]OOO )
' ' Sub—Total

Displace--

Angular Deformation

(Degréeé)

.2 Foot Ant.

Az. ) El

4 Foot Ant.

Ay .

EL

8 Foot Ant.

'AZ

E1.

lO'fbot Ant.

‘Azﬂ

El

Lever
.ment Arm
(In) (In)
~.0.001 20
0.001 20
0.001 20
1.0.002 - 407
0.001 20
©0.001. . 10
.0.002 - 30
.0.001. .20 .
0.00L .20

, TABQE,?—S“ (Continued on Page 7-8)

0.010 0.

010

0

.025

0.025

0.020

0.020

0.025

. 0.025

0.010 0

.010

.025

0.025

0.020

0.020

0.025

0.025

.015

.006

0.015

"0.006

0.012

0.010"

0.005
0.003

0.010
0.005
0.003
0.006
0.004

0.004.

10.010
0.005

0.003

0.010

0.005 .7
0.003

0.006
0.004
0.004

.021

0.033

0.018

0.032

0.018

0.032

.024
. 006
012
. 004

0.006
0.012

0.004

0.006
0.003

0.012
"0.004

0.004

0.003

0.012

0.006

0.003

0.012-
0.004-

0.003

0.012

0.004

. 046

0.022

0.025.

. 0.025

0.019

Tlolodo oo

OO

.006
.012.

0.006

0.003
0.006
0.004
0.004 ..

0.019

0.003 -

0.003
. 0.006
£ 0..004
~ 0.004

0.003

.018

0.017

-0.003

10.006

1 0.003

0.017

- Notes

u i w

w -

LL.
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‘REFLECTOR ANTENNA DEFORMATION BUDGET (SHEET 2) U:onﬂnued)

- SUPPORTING STRUCTURE

Corner -Twisting

Wall Deformatidnf o L o

vSué—?otal _

- TOTAL DEFORMATION

 NOTES:

Tracklng Ax1s Assumed Horlzontal

‘See Flgure 7-1 for Concept ‘of Mount

f3;-7Lever Arm 10" for 4 Foot Antenna“_

Angular Deformatlon (Degrees)

.-Displace—_ Lever . 2. Foot Ant. 4 Foot-Ant. 8 Foot Ant.

" 10 Foot Ant.

i4;:-Coeff1c1ent of Thermal Expans1on 6 22 x 10
'5;_'Young s Modulus 230 x° 10 (Steel) 310 x 106

Notes

ment = . Armn . Az  El1 Az - El . A, . El A . El
(In) =~ . (In) _ ‘ : = ' '
T 0.010 0.010 0.010 0.010"
- 0.10 ©20  0.100° 0.100 - - 0.017 0.017 .0.017  0.017
©0.100 -0.100 - - 0.027 - 0.027 0.027  0.027
© 0.110 0.110 0.110 0.088 0.107 0.101 0.112 0.106

6 (steel) 12.78 x 107°  (Aluminum).
(Aluminum) = PUCA& '

6 "4 Foot Antenna assumed relatlvely llght construction for portabllity

. TABLE 7-3

'8'4:
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-

o

AJE are_

AH— ASlnG Cos <{93- B CosG Sln cp

b) the 2' diametfer antenna has no tracking axis -

c) - the lever arms for actuators are scaled with diameters.

7.5 1\/\e<‘1s’urem'en1L Errors in:'Manuol Trocking. |

o in mcmual frockmg, the operator od|Usts the antennd pomhng to maximize a

received signal as indicated by a meter reading of AGC. ~Assuming a square

law detector is the receiver, the AGC meter reading is proportional to power.
Therefore, at full scale, a change in received power of 1 dB corresponds

roughly to a 10% change in the reading. - Assuming that we can read (on a- .
relafive bOSIS) a-1.0% chonge in meter reading, then the- uncerromty in power -

- ‘reading is 0.1 dB." The uncertainty in antenna beamwidth resulting from this

is a'function of cmrenno dlamefer Table 7-4 lists _rhe_app_roprrqfe ol\lgr\menf
errors. ST e e -

Programming Errors in Progrdmmed Trocking

We consnder frockmg equations for an observed elllphccd safelllre path (see-

Figure 7-2). Assume first, that the tracking axes are horizontal and vertical
to the local horizon. If the tracking angle is 8° from the vertical, the equa-
tions for azimuth angle: dlsp|acementAH ond e|evcmon cmgle dlsp|acemenf '

AE— ACosG c0s<()+Bsmesm @_ :

Where, _ ‘ _ S
A = amplitude of observed major axis fravel

B = amzp'litude of observed minor axis travel "
@ = orientation angle of elipse

(P: regular_ angle postion of satellite from .sfc:rfring point (See' Figuré~'7_—2)

The values of@H 'andAE can be calculated. ec15||y when the volues of A

B and © are kiiown (from a computer program) - for the location.. For any location

the values of A Cos 8, A Sin 6, B Cos 8 and B Sin 6 would not change signifi~

“cantly eXCepf over-a long period of time. Thus if values of Cos E and Sin E are

generated in sidereal time and the values added or subtracted from each other ‘con=

- trol-of X ‘and Y motion could be ochleved usmg a 5|m||or mefhod to that of

Frgure 5-4

7.9
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NOMINAL

DIAMETER

"~ _(FEED)

2
.
8

10

' MANUAL ALIGNMENT ERRORS

( MANUAL TRACKING )

1% MEASUREMENT UNCERTAINTY

(DEGREES)

* 0.270

1+

0.133

1+

0.068

1+

0.054

CTABLE 7 - 4

7.10
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5 'Where. ~

K lf we choose to provude two axis frdckmg whereby fhe cnnfennu moves ulong fhe
. frcnckmg Ime and in azimuth, fhen the equations are:: :

H A='r-i-"'B-.':.‘--s )
RAREEA
&T |

= ACoq ~BTmOSing

‘ cmgle meusured cnlong i'he h‘uckmg ||ne.

.Sfep Trcnck Error Sources

_The most sugmfucunf sources of errors wﬂh step frclck are dlsfurbunce forques due”

- to'wind gusts, variations in slgncll to noise and slgnul fading. All of these result -
- in transienit changes to AGC levels which must be discriminated against by fhe
' 'l_sfep frack confrol elecfronlcs. Operuhon in 30 mph wmds is. reqUIred ;

.'-Si'ep i'ruck ‘has ulreudy been fesfed on |urge unfenncns., A* By, compdnng i'he l dB
beam ungles for smaller antenhas with that tested, ‘and scaling. for ﬁequency,

we see that. fhe ‘tracking. deeuracy. does not hove to be as good, larger deflechons
due fo wmd are permnssvble und si'ep sizes can’ be mude reluhvely lurger. TS

, Wli'h respecf fo si'ep size; a recenf puper\ *5 'suggesi's fhoi' fhe beumWIdi'h befween:n
‘the 3 dB down points be divided into 10 steps to estubllsh sfep size. Thls Wl“ be -~
__-'fhe procedme followed for our si'udy Smce : o T

. 93 056

- fhe sfep snze mdy be fcnken to be.

" v%Ses Appendix D

6, = 00x®

. See Section 5.6 -

3 ‘_The pomhng uccurucy uchlevcnble by progrummed h'cncklng is dependenf upon fhe EER x
- dccuracy with which the azimuth and elevation angles can, be determined; or the ’

.accuracy’ with which the. cnnulogues of these angles can be generated, -the: accur- -
- ““acy and resolution capability of the position. transmitter and receiver; and-the = - - 0
" daceuracy of. its comparator. - Through conservative desugn fechnlques it'is: posmble\ St
- to design a.low compliance positioner and structure so that the error due fo wind =~
- is a small-portion of the total error.. Table 7—5 summarizes the. eshmufed errors’ '
~ from an unu|y5|s of the. source. . .




Error in @

"ERROR TABLE -
--§érVé_P6tentiometer
' Sine-Cosine Potentiometer

iReguiéted_Voltage Source

Vqlﬁage[Cpmpéfator

Compdratdr Switch Hy.s'tei'esi's

‘Actuator Overtravel *

1

~ Error ian‘(ellipsevmajor axis) -

Error in B (ellipse minor axis)

kN

; . [.Errpf'ih’:@?ff"

% not additive to Hysteresis error.

TOLERANCE

o+ 1+

e

T+

' ERRORS IN PROGRAMMED TRACKING MECHANISMS

to.l% |

0.5%"
0.1%

Equiv. to steps of

0.5%

1+

0.5%

0.5°

“Negligible -

. TABLE 7 -5 .

. EST.EFFECT
R

L03%

. V' + i "

.013

e

o

[E
. s

l-'l-‘:i

a4+

02

Nggligibiéz

£ .43
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Effecf of Wmd

~Wind I'orque deflechons depend on the wmd dnechon and Veloclfy “We are.

primarily. concerned with the difference between average wind velocli'y and
peak. velocity. because this determines the change in antenna pointing in a™ -

" short-time interval. AGC voltage is sampled lmmedlafely before the step and’

~_then with a shori' delay after the step. The voltage is averaged or mfegrafed
“over a short time period to. fllfer out short term sugnal to-noise. changes. If ‘
~ the-wind deflection angle is small relative to the stepping angle then the proba-’j e

bllli‘y of an error due to the wind is small.  This demonsirates the importance of -

_ensuring thaf the anfenna posmoner and: pedesfal have Iow comphance (hlgh ‘

n _rlgldlfy)

"For a 30 m.p.h. change in wind veloclty the change in wind forques for a fyp|-=

cal 10 foot antenna dish is 230 Ibs. fi.*: We will assume that the maximum per-

" mitted deflection due to-wind is-less than a step increment ( 1/10 of the 3dB - . .
<. beamwidths) that a wind deflechon can be no greater than 0. 056°. Qn this - o

L bqs|s fhe compllance of I'he antennG pedesfal musf be L

g : *C_c_:mp‘h.ance | > 0253% i(b 0f5 degrees
ST o eef“ o

> ] 22 X - ]0"4 degrees/lb ﬂ'. o

' Thewmddeﬂechone is fhelefore

O = ..9_5.'=_\,L'if‘~‘<)v‘.'(_)56°;:'._ o

Effecf ofS|gna| fo No:se -

_ Wlfh reSpecf fo n0|se, an anaIysus of fhe trackmg accuracy due o noise alone ek
indicates. that i an environment of 3 dB CNR, and where there are 10 sfeps be-
tween the 3 dB soints, the 0. 01%. probablllfy of error due to hoise is.0.35 X 3 dB

" beamwidth, or £0.1° for a 10 foot antenna. For a CNR of 10 dB, we have esh=- :

'_-‘mafed fhat the pomhng error Qn is

e, = 005° o

'~ and we use this- value in our analys:s

.'Data obfamed From Sclenhflc Aflanfa

AL See Appendm D




o :s’ 7—V'I:l'--::‘

- exceeded Iess than O O]% of the hme

7—10 Effecf of Fadmg

'Now fhe effect of fading is. mterprei'ed by i'he sfep frqck decusnon curcuufry as q R !

pomhng error. . This arlses because of the time difference befween the. "before *

- the step reading and the "after the step" reading so that in the presence of a:

Fade, a dlfference |n S|gna| |eve| W||| be erroneously lnterpreted as resuli‘mg ﬁofﬁ '_

o the. step |tself

“To obtaln a rough mdlcahon of’ magnltude, we have exqmmed a charf recordlng ‘
- ofa typlcal received level over a 15 minute interval " *at 7.3 GHz. . Maximum'.
* fading rates are of the order of 1 dB/4'seconds and occurred for an estimated fotal
. of about 10 or. 12 seconds durmg this |nterva| (abouf 1% of the time): " This is:
“extrapolated to-a fading rate of about 2'dB per 4 seconds exceeded only 0.01%

of the time qt 12 GHz, or about 0.4 dB, ina measurlng |nferVQl of obouf 1 seconcl
(Thls Ievel is. ¢onstant wn“h i'yplcol mi‘egrahng hmes) ' :

. ~»F|gure 7-3 relates antennc loss as a funchon of the relahve 3 dB beqmmdi’h For
S ]0 foof antenna, from Flgure 3 3 ‘ : o : '

93 056°

. ftherefore, From Flgure 7-3 a0. 4 dB reduchon in 5|gnal level results m o eqU|-'
" valent fadlng angle of oo - :

9 Foo= (0 38 x O 56)°

=; -o n°

A'd‘di'ﬁon' ‘o‘% Poir;ﬁng Errors 'i |

R

‘We dssume thait - the ¢ errors are gaussmn ‘random - vquqbles and mclependent. They

all conspire to‘conir ‘ibute errors by the loglc decnsnon clrcuns fherefore wecan .

»Aadd them .on an RSS basns. A

. See. Reference 4. The necessory ShC!flelcs for fadlng rates do nof oppear o be R
too available in the form necessary for ‘our purposes.: We have therefore’ chosen

fhls admlﬂedly crude procedure fo obtaln an- |nd|cqf|on of the effeci‘.
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: ‘e;The fofol pomhng error |s i'herefore -.; .._

. exceeded less than 0 0]% of fhe hme. These vqlues ore scaled for oi'her cmtenna
E dlomefers ond are ||sfed in Toble 7-6. BRI

': "_exCeeded less fhcm 0 Ol% of fhe flme.

. this componenf can be decreqsed by of leosf 50% so fhof fypn:dlly an ch"lle voble
s volue is AR ! S : S

In monuol frocklng, we musi' perlodlcolly re-esfqbllsh anfenno pomhng fo compensore
~for continuous satellite motion. " Since correction is. pel‘lOCllC, errors will‘accrue -

. durlng the. fime |n|'ervo| beiWeen ocl|usfmem‘s. These errors will be. funchons of .

‘_:sorelln‘e ongulor velocﬂy, antenna dlometer, qncl frequency of. od|usiment. L

In Sechon 4 ‘we: hove defermlned fhof the max imum ongulqr veloclfy of the sqtellrfe
- 50,29 “along: the tracking axis in 10,4 minutes, occurring when the satellite * "

|9P|2 9W|2 & leNl +|9F|2

|o 05°|2 Io 05<>|2 + Io n°l2

9 P= i 0130 \

s

f,'Slnce fodmg |s i'he greofesf source, sfeps should be foken i'o reduce its effect.- Thus _': LR
the logic circuits ‘should contain. a‘feature o |nh|b|f ‘the decision, mokmg process _' B
' durmg a fade (|denhf‘oble by gain'AG C changes in fhe absence of wind’ gusts or:-

antehna motions) s that the T 0,11° contribution can be rediced.” We' feel that

Iepl .|-o.osc'>|~2 Io os°|2 l°°55|2

~ep' to. 089° total -

Deodbcmd Errors

crosses the equatérial plone,, Thus, |F the minimum’ readjustment interval is 10.4

: .mmufes, then the loss'of antenna gain would’ corresponcl to: thqt volue relqted to

- 0 ] : offset for a glven oni‘enno dmmeter.




. TRACKING ERRORS . .

:NOMINAL DIAMEnER- S TOTALTRACKING ERROR
(Fee’r) ' o (+ Degrees) :

- NOTE Trackmg érrors esﬂmated for.a 10' dmmeter parabohc anfenna (see text)":: -
.. and are sccled for ol'her dlamefers ' S :

© TABLE7-6




Earller, we have noted that a basuc uncertalnty in measurement exusts.,_ For
practical purposes; we can assume that a deadband allowance of at least: equl

o this value must be- permltted Table 7-7 relates the deadband allowance to

, _'-"antenna size and gives the minimum lnterval befween read|ustmenfs to corr ect
Y for ite: : :

In auto-track systems, deadband may be consudered as o hysteresls type of .
- dction in whlch the' corrective motlon of the antenna begins when ‘the measured

- érror exceeds some. value, say.€ 1, and continues. untll this error reduces to a

g smaller value, say € 2 (bas1c fracking error) Deadband 9 D is thus .

90 = & - €y

~'Typ|cal|y, deadband in auto*frack sysfems is smaller than that in manual sysfem.,

A deadband error oF about 3 fhe value of tracklng error is a reasonable startlng
pointy Assummg that the estimated tracking errors of Table 7.6 apply; then.

79

' deadband errors for- tracklng systems may be determrned These allowances are s

-_’.also glven in Table 7-7.

Auto-track deadband is normally applled to monopulse or conlcal scan systems. :

- However, in step-track systems, it is included in the basnc tracklng error result=
- ing from. the decnsuon errors: and therefore does not appear as separate entry




. DEADBAND ERRORS - -

| NOMINALDIAMETER . -~ .~ . DEADBAND ALLOWANCE
CFEED) - e - (DEGREES). -~~~ ' (DEGREES) - . . - .

2 T tosao oz
. . . 8 L ’- ,‘ | | | . i_o.] 36 ‘l | v i‘ 05056 L

o ThBLE 77




SECTION 8

TOTAL SYSTEM LOSSES

- -Genércil

Auto—frack Category We may make these baslc comments

~_.’Comb|n|n9 Error Confrlbuhons Along Orthogonal Axes

~ The followmg rules are ‘used to combme error. conmbuhons along
ortthOnal axes: :

S a) Pomtmg efrors are assumed to be random and uncorrelated

They are assumed to be related by

. (gﬂ)

.8 px = .. eiror along x axis

' where -

~a .= maximum error along x axis * -

oy,= o error avlorig}_ :‘y_' axss o 3
'_b‘ c= “maximum error’alrong y‘axvi‘_s_
- The makimumi_error_is.fhen obtained by; - . -

o 2.0 2.0 .2

E b)] - Measurement errors are assumed to. be estabhshed separately

.for each axis, and once esfabllshed are: flxed (for-a.given.

- measuremenf) Their. maximum magmfudes are con5|dered to K

- ,"be obtalned by addlng the errors on'an RSS basis.

each axus and are therefore combmed on an RSS basns. '

s "‘-"‘:;‘Total system angular efrors are tabulated in Table 8~ 'I for the various . G e
- tracking schemes. ‘We include only the case of step track. under i*he

ce) .Deadband errors dre assumed to be estabhshed separately for R




 SYSTEM -

- MOTIONRELAFIVE 10
* - TRACKING LINE

: 4..MAN UAL

* .~ = Pointing Errors-
- Measurement. Error
- Deadband Errors -
0 TOTAL
‘ '.’PROGRAMMED (ON E-AXIS)
s ‘Positional Errors =
~Pointing Errors
o= Programmmg Error’

TOTAL ’,
(TWO-AXIS) |

Positional - Errors . -
_ Pointing Errors
- Programmmg Error

STEPLTRACK
.. . = Pointing Errors
. = Tracking Errors ..~

o TOTAL R

e NOTES
a2

04110
0.270

o 0.270.
'0._650

0.012 -
~ 10,110
70,1430 =
. 0.265

-~ 0.1107
1 0.143 ©

TOTAL jf)‘0.‘26"‘75"§5'—: . 14;-0:‘3‘72"- 4','5._265 0.2 0.312

. ESTIMATE OF ANGULAR ‘ERRORS

2.6, Ani-ennc:
Along ~Across MQ}(]-
- mum

-0.110

0.270 .-
_0.270

0.382
0.382

0:110°

- ANGULAR ERRORS (¥

4 ﬁ' Antenna- -
Along Across
R mum

'0.098
0.188
10188

0.190"- 0.088
0.133.0.133
0,133 0.133

M;n’(r-'

0.107 0.101
0.068° 0.068. 0.096 |
0.068 0,068 0,096

-8 fr. Antenna
Along Across _Maxi{-

,0.104‘" '

'DE'GR‘EES)'* S

Along Across

12 0.106. 0.
0.054 -0.
0.054 0.

R 10ﬂ' Anfennc: ‘- L
" REF.
TABLE

Max:-.
. mum

0. 650 0.874

0. 376 _0.354 0.4;7_4

0. 243 0. 237 0 296

0.216 0.

=

0.229 0.230
05110 0.110°
0.143 1

'0.230
0.098

0. 012 0.;229‘
0.110. 0.088

0.143 10.143 . -

o, o012 0.229 0. 230
'0.107:0.101 0.104
0.143

0.229
0.112.0.106
0.143 - ~

0,339 0.483

0.265-' 0.317

0.471 §0.262° 0,330 0.477

0.335

0‘.0].2 0,061

0.143 ':0.202

' o./osz
0.110-0.110

0.012  0.061
0.110 - 0.088 "
0,143 0,143

0.098
0,202

0.062

0.012 0.061 0.062
0.107 0.101 0.104
0.143 0.143 0.202 "

- 0.061
0.106

£ 0.143 0.

7-,,0 110. 0:110 0.110

0,444 0,444 0.444

0 110 0. 088 0.098
0,222 -~ 0.222° 0.222

0.262 O..‘~305, ,0.368 .

0,104 |
0,111

0. 107 0. lOl
0.111_0.111

0.112
0.089°

0. 106
10,089

3_3310 -

0,554 .,_0_.554 0.554

0 332 . 0.310 0.320

10..201 .

0.195 0.

(1) See Table 3.1 for

Figure 7. 1.

anten na: usage

(3) Angular errors exceeded 0 O'I% of fhe hme

| TABLE 8-1

0.218 0.212- 0.215

Estimates based on anfenncz concepfs snmllczr to. fhaf of

73
74
7.7

3 : 7_2 o

75

.7_-.2 _
- 73



8.3

d) Programmmg errors dre assumed to be establlshed separafely for
each axis and are therefore comblned on a RSS ba5|s

e) - -Trackmg errors’ (Aufo-rrack) are assumed fo be random uncorrelated
and equi-valued between axes. Their magnitudes are therefore
consrdered constant along any radlal vector

-. The column headed "maXImum" in Table 8 Tis obtalned by addlng fhe
orthogonal error: COhl‘I‘IbUl‘IOI‘\S (under col umn headmgs along and S
. across in accordance wurh these rules) : SR ‘

8.3 Manual Trackmg Toral Angular Errors

" Manual trackmg angular errors mclude fhese prlmary sources

a) Pomhng errors from the fact that, once the boresnght has been
manually establishied with-the. limits of (b): below, wmd forces
can ClISl’OI'l’ the strucfure (See Table 7-’3)

'b) Measurement errors resulhng from rhe lnabull'ry of rhe operator fo
accurately read peak AGC response:in the presence: of" noise, Fadlng,
and meter: resoluhon (see Table 7-4).

2,

c). AIIOWance for deadband gdin loss between antenna pomhng
ad|ustments (see Table 7—6)

We assume these conrrlbu'nons are added ona peak basns nohng that only

- the positional errors are. random’ variable:with time. Deadband allowances
bemg dellberate, is F|xed whlle posmonal errors are random wrth sefhng-

- up procedures

__Nofe that the posmonal errors- are |dent|cal for'both along and ¢ across the
. .fracklng lme, on the ‘assumption fhat fhe antenna beam is. c|rcular

" 84 »_Programmed Track Tofal Angular Errors

In programmed frackmg, errors resulr from ;.

. a) safelllte posmonal errors (see Table 7—2)

v'bﬂ.b)' - Pomtmg errors (see Table 7=-3)

Ce)i ;prerammlng'errors‘ (Table 7~r5)



8.5

' Maxunum error contrnbutlons are added on a peak basls

If a one-axis trackmg scheme is used then satelllte posltlonal errors

- across the line=of -track are greatly: increased (see Sec. 7.2) but the S
errors could be reduced by mdnual offset adjustments. . For a two-axis

tracking system, errors across the line-of-track are reduced but bas|c -
tracking errors are increased. It may be seen that one effect partly

compensates for the. ot_her.

' For antennas wrth dlameters of the order of 8 to lO feet trackmg ‘efrors .-
- are excessive and 50 there appears to. be ||ttle beneflt In programmed

‘_ trackmg for these categorles, unless error estlmates aré unduly pessmlstlc.}i'-- .

Step-Track Total Angular Errors -

'Values in the tables are approprnate for a step-track system In any
* auto-track, satellite positional erfors are not. significant, and for. N
fstep-track no deadband need be provrded We have contrlbuhons from, o
L a)': Antenna det'ormatlon (see Table 7-3)
b)) Trackmg error. (see Sec 7—7)
We mclude, for step track the total wmd effect since corlectlons only
take place at specific step mtervals * .
Again P contributions 'are added on,a'peak.' basis.
8.6 Antenna Gain Losses due to-Angular Errors
" The relatlonshlp between the antenna beamwndth and the antenna dlameter :
has been given earlier in Figures 3-3 and 3-4 respectively. The effect of N
angular errors is to reduce the basic beamwidth fo the effective beamwidth
where effective beamwidth is deflned as the dngular separation between
' vaInl's on the antenna response. curve correspondmg toa defmed galn
“reduction when the antenna s pomtmg error is included.

Ina cone-scan, ‘or monopulse system correctlons can take place at’ any
tlme. Thus better average performance may. be expected.. ~ :




(Cont'd)

Therefore, ‘

E QB - 2lngil

<)
It

" where; -

0 = effective beamwidth. ©
4] B = basic bearhwidth

2. Q_i = sum of all the angular errors approprlate to -
- the system under consideration.

B Flgur'es 81 to 8-3 relate effective beamwidths to antenna diameter for:

maximum gain reductions of 0.5 dB, 1 dB, 2 dB and 3 dB respectively
for a frequency of 12 GHz. Figures 8~4 to 8-6 perform the same duties
for a frequency of 14 GHz. The sets of curves are separately plotted
for maximum tracking errors of £0.05°, +0.10° and 0.15° respectively.
They. are prepared from Figures 3-3 and 3-4 by subtracting tracking -

. errors from basic beamwndths

i

Using these flgures, Figures 3-3 and 3-4, and Table 8- ]*, weé can detenmne

‘the effective tracking loss in dB for the models. These are given in
- Tables 8-2 and 8-3 for 12 GHz and 14 GHz respechvely The tabulated
losses are those which should be used in system's calculations to allow for

losses due to tracking fhat are not exceeded 99.99% of the time.

I 8.6
R

. We interpolate between the curves where necessary. .
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 ESTIMATED.

TRACKING -LOSS AT 12GHZ -

Tracking System

EFFECTIVE TRACKING LOSS AT 12 GHz

- 2F. Anfennd

Maximum

Error .

. (Degrees)

- Tracking

‘Loss:
(dB)

4 Ft. Anfenna

Maximum

Error

(Degrees)

Tracking |

.. Loss
{dB) .

- Maximum Trq@:kiﬁg .
Loss - |

Error -

"f‘;";‘S Ff Aﬁfehnc-

'. (dB) .

' ]OF'H' Antenna .

Maximum

. Error
(Degrees)-

@

Trcckihg’.'_ '/
Loss ~ | "

Manual

Pfogrdmm ed
- One~Axis

' fWo-AXis

’Sfep-Tr_cék'

| to.74

T0.483
10,374

f0.554.

1.4

Cos |

<os.

Fo.474

£0.471

t0.312

to.3200

15

1.5

0.6

0.7

(Degrees)

t0.29
© 10.477
- 20.368

To.n5

R

- P3.0
230

1.2

.to.382

to,23

“T0.373.

“toaes

>f-3;3,'f0_ B

- NOTE Trccking 'Los_s'excéeded :Q.O]% of "’rhé:ﬁnme.

""‘TABLE 8-2 -




" ESTIMATED TRACKING -LOSS AT 14 GHZ:: .

EFFECTIVE TRACKING LOSS AT 14 GHz-

- Tracking System’ o 2 Ft. Antenna. @ - | ( 4 Ft. Antenna .~ 8 Ft. Antenna | 10 Ft. Antenna

 Maximum Tracking | Maximum ~ Tracking Maximum = Tracking | = Maximum Tfacking
Error. - Loss . - Error - Loss |  Error © Loss ' * Error ‘Loss - |

(Degrees) (dB) (De_grges) - (dB) - (Degrees) (dB) | (Degrees) (dB)

1+
1+

‘ |+.'
1+

\ Manual

0.874 1.7 0.474 . 1.8 0.296 - 2.9 0.263 - 33.0 |

Prégrqmmed

: ‘ One-Axis.

-+
-
14

0.483 0.6 0.471 . 1.8 0.477 3.0

R

0.382 3.0

-
-
1+

‘H-

Two-Axis 0.374 <0.5° 0.312 - 0.8 0.368 3.0 0.372 3.0

SwepTrack | fo.sse 14 Tomwo o9 To.215 1.6 toags 20 |

NOTE; 'Trqci{ing Loss éxcéédea 'O._O'I_%' oF"i’rhe_ time

 TABLE 8-3

elg
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SECTION 9

DEVELOPMENT COST ESTIMATES

Gen‘erql

) A breokdown of the equnpment qnd englneermg cosfs reqUIred for the various: CTS | _
fermmqls, with the exception of the Ottawa Conitrol Station, is shown in Table 9-1.

The breakdown is purely arbitrary, but does serve to compare the complexﬂy and

costs of the different approaches. The cost estimates are based on our judgement
~ of complexity, possible "off-the=shelf" availability and an: attempt to estimate

development effort. A more accurate estimate would require preparation of
detailed specifications and detailed planning of design, manufacturing and pro- -

‘curement tasks and'is beyond the scope of this study. The following general com=

ments apply to the tdble entries dnd provnde some undersfondmg oF our selechon
of antenna and trackmg opflons. ‘ :

Radio'Receive ahdﬁ2-Wdy Voioe Terminal Anfén‘ﬁdDevelopment(Cos‘fs |

Both termmc:ls are ssmple, * fhe Fnsf has leed pomhng and the second requires |

manual trdcking. The cost of production units would be considerably lower. A
value engineering study would show how design of simpler reflectors, feeds and
positioners could be achieved and fhls efforf is recommended becquse of porenhal

" large quantity requnremenfs.

TV Receive Onb An’renria ’DeVelopmenf Costs .

T %

g _A:These fermlnals are also I:kely to be requwed in quantity cmd fhls is a sngmflcanf
“factor in selecting the preferred tracking methods. Single Axis Program- Trackmg
~ by a constant speed motor driven mechanically programmed antenna is feasible

provided that a constant. frequency a.c. power source is available. - The cost of
the pedestal base and posmoner head should be easily reducqb|e on a produchon :
basis. : '

We refer to the antenna, tracking and mount re_quifemenfs only.’
The electronics for 2-way voice terminals is rather complex.

" 9'.1_' -




. 9.2
B =
-
K _. . ESTIMATED ANTENNA AND TRACKINLSYSTEM DEVELOPMENT COSTS (DOLLARS)
ji
Radic  2-way TV Receive ;  Mobile Terminal _ o '
ftem Receive Voice — : : . Source of Estimate ‘Comments
Fixed " Manual One-Axis Two-Axis Step Manual Two-Axis  Step Cone .
. - Track . Track Programmed Programmed - Track - Track Programmed” Track . Scan
o . o o . ! o : e
, 1 Pedestal Base 100 500 . 1,000 1,000 1,000 .} 500 © - 500 500 500 - RCA‘Eng. i
' 2 Positioner Head 50 - 500 2,000 2,000 2,000 -5,000 5,000 5,000 .5,000 RCA Eng. j
. 3 Pos. Synchras ' o R 1,000 i - . 1,000 1,000 - 1,000 Scientific Alanta  * Req'd if ltem 13 f‘ffed : o
-4 Pos. Linear Pot. 200 ik 200 : o ~  RCA Eng. Nof req'd if ltems 3 & [3. o i
5 Comparatars & Drivers - 500 - ‘ : 500 - . RCA Eng. 7 fitted S
. & Pos. Ind. Unit ~500. 1,000 C 500 - . .1,000 . 1 000 ' RCA & Scientific Aflanta Lawer cost unit is now synchro :
" 7 Eror Detector R SR ! o 2 *RCA Earth Station *Based on costs for Telesat.
.8 ‘Logic Electronics {10’000} { : ’ 4(10,@00}7‘ 7 000/) Eng. - . Earfh Sh:han
;9 .Siderea} Clock 0300 - o © 300 _ "~ RCA Eng.. : . .
10 Sine-Cos Pots . 500 : o : © 500 B : . RCA Eng. S
i11::-Reg. Pur Supply 300 300 o 7300 300 300 RCA'Eng.” . . ..
12" Bias Pots | 50 C .50 _ . RCA Eng. P e P
+ 13 Digital Pos. Ind. . B N * E 5,300 - * ) > _ 'Scientific Atlanta ' *Optional instead.of Item & . = .- "+
714 . Motar Relays - - 60 . 60 60 60 .60 -~ " RCA Eng. L . e ]
+ 15 Linear Actuators - o0 0 200 1200 - . 200 - 200 . 200 Saginaw Steering Gear . - : i R U
16 Drive Motor 200 0 0 : T A RCA Eng. ’ ) S S
17 . Gear Box'’ 250 - N Coas0 0 0 L . 500 - . 500 RCA Eng. . ’ : Cae, ST
Cam ‘ ) ’ 75 iy . . o ’ RCA.Eng.” : E
Feed 75 - - 750 1,500 ° 1,500 1,500 1,500 - 1,500 1,50 - 2,000 Scientific Atlants
. Reflector . 300 750 1,000 - 1,000 - 1,000 1,500 1,50 - 1,50 ° 1,500 Variaus .
" ‘Manual cont. panel - ' - N e B 1,000 RCA & Scienfific Aﬂanfa _
. Trackmg cont. unit o ) . i 1,000 1,500 1,500 RCA & Scientific Atlanta S :
ofal re:.‘urrmg cost - 1,200. - 2,500 - 6,085 - 8,110 - 18,560 10f460f ) 1_8,‘710 23 060 - 20,560 B T . Basic Anfenna,,_;ﬁoimt &_drive-_ :
i Non-rec. Engineering dev. 5500 - 6,500 ° 15,500 } - 24,000 24,000 24;000 " 35,000 35,000 - 39,000 B ST - o
: Non-re: systems & ’ E C T ‘ . . : ]
Interface activity 500 1,000 ~ 1 500 ) 3,000 3,000 o1 ,000 .5,000 5,000 - 5,000
- Antenna development . - - - 141000 14,000 ~ 14,000 -~ 14,000 ~ Plastal. Budgefary Estimate . For Moblle Unli’ Only
 Approx total * 7,200 10,00‘0 ( 23/8ﬁ 35,110 45,560 49,460 . 72,710 77,060 = 78,560 _ - st Unit

" % Costs Data at Engmeermg Level Only G & A, taxes

{as applxcqbl e), and profifs extra.
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: Two-axus Trackmg is not recommended: because of the rafher complex installa-

tion and alignment problems. - The eshmafed costs do not include such msfalla-—
tion on allgnmenf entrles.

R Sfep-Track eliminates many of the problems of p program i"rackmg. [+ would be
- comparatively expensive for small quantity production but with mass produced

electronic black boxes and design of actuators with cam driven limit-switches

- the cost should be comparable to programmed h'ackmg. ‘We strongly recommend

that a design aimed for .low cost step~track systems * be developed as pari' of
the CTS. experlmenfal program.. _" co

‘ Manual Track is not conS|dered acceptable for the TV receive only stahon ex—

" cept that on a purely experlmental basis a remote control manual tracking sys=

tem could be considered.- (See, in particular Sec 2.2). "Costs are not given
in the table buf are eshmafed to be about $17, 000 recurring and $7 500. non-"

‘recurring.’

Mobile Terminal AntennaDevelopmeni‘ Costs

;Thls fermmal has many prachcal frackmg concepi's for consuderahon. A signifi=
“cant factor is the cost of development of a segmented fibreglass antenna - (ref 2).

1t is possible that an already developed dismountable 10 foot reflector could be

. found or a refined system analysis might mducafe that an-8 foot integral antenna -
- reflector might be suitable. . The smaller antenna would also ease the frackmg =

problem because of its wnder beamwidth.

The moblle fermmal $ engme generator set would nof prowde a good frequency A

reference for @ synchronous motor drive.. However, for short operatmg periods

it might permit use of the sumple mechamcally programmed drlve, with occa-

: suonal phasmg correci'lon .

Jfa very low cost scheme is desired Manual Track only can be provrded ‘This

would be remotely conirolled manual tracking, with remote indication of

' 'relai'lve antenna position, so- that maintenance of i'he antenna on frack should
not be too dufflcult. - :

As noted in the precedmg sechon a cone-scan sysi‘em usmg elecrromc
" beam swri'chlng dlso offers great potential, - We therefore extend our

L recommendahons to- mclude cone=scan developmenf.

9.3




'Cone=scan is potenhully a low cost tracking system, when built in production-
'quunhhes. Conventional Auto Track would come down in price somewhat in
_production quantities too but does not seem to be a justifiable approach: for

any of the ground tefminals. Production of large numbers of mobile terminals '
is unlikely, but either Step-Track or Conical=Scan could be attractive if used.

on some of the orher termmols too. -

Table 9-2 has been prepored to show the costs: for developmenf of the frackmg

“facility for antenna and positioner which are additional to those eshmafed in
ref. 2 where a manual trackmg concept was ussured.

9._4



9.5

~ ESTIMATED COST OF ADDING TRACKING TO MOBILE UNIT: .

(DOLLARS)

~ TRACKING OPTION COSTS

:Pi'og"r.amm'ed. i «Sf'ep.)‘ Conée __ S _

‘Basic Estimate | © 72,710 - 77,0600 78,560 | From Table 9-1

" Less:

Antenna Estimate 32,500 - 32,500 32,500 | From Ref. 2, Table M-3

Mount Estimate 13,600 13,600 13,600 | From Ref. 2, Table M~4

Cost of Adding Tracking | 26,610 31,960 32,460 | Assuming Mount and -
. - o | : ’ ' | Antenna available
- Plus: S _ . Lo ‘ ' o
© Additional Interfacing| - - 5,000 5,000 _ 5,000

. Additional Costs | 31,610 36,960 37,460 | To be added to Basic Mobile
. : ' ‘ "Unit Antenna and Mount
| Costs . ’

NOTES: Cost Data at Engineers level only .
G &A, fake_s’ (as dpplicable) and

- profits extra.

 TABLE 9 -2
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APPENDIX A

' Computer plots of CTS motions as seen by an observer at Ottawa (Generated

at the Communications. Research Center at Shirley Bay, Ontario)
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APPENDIX B

. §TEP-TRACK CONSIDERATIONS

B.1



'lee assume that a maximum gain degradation of l 0 dB is allowable for

<'S p Size .

' In keeping with the l O dB maximum allowable gain degradation, it 1s

”!the maximum level.. Furthermore, at the 0.5 'dB- point of the beam where
‘the slope ‘is becoming much steeper (12 dB/degree) the 0.04° step.

) Criterion for Pointing Correction

' _A gain degradation of 1. 0 dB occurs . at - O 14 on the beam. . From
‘vectorial addition, it follows that the maximum pointing error for -
‘corrected within + 0.1 dB, then a further degradation of 0.4 dB is -

:,available prior to the next pointing correction. This 0.4 dB would

- Figure Bl, 0.1 dB and 0.4 dB-= 0.5 dB which occurs at the 0.1° level).
A step in ‘the wrong ‘direction (which, will - ‘occur. since the tracking

~-to 0.5 dB.,

"Effect of Signal Tading h

STEP’TRACK CONSlDERATIONSl

Allowable Maximum Gain Degradation

the step track system.

desirable to approach the maxima of the beam as closely as possible
‘when’ opEimizing the pointing direction. A study of Figure Bl indicates -
that a = 0.04 step could potentially locate the beam within 0.1 dB of"

provides an easily detectable change - of ‘up to O 5 dB/step.

each axis dué to the operation of -the step. track system should. be‘
limited to 0.1°. Therefore, if the beam's ‘pointing direction is .-

be used directly as a criterion for the optimum hold system. (See

system will not always know the correct direction to step) will result
in' a pointing error of no greater than +0 1+0. 04 = +.0. l4° (l 0.dB’ level).

The continuous stepping system, however, has the - advantage of not requiringyV
the 0.4 dB criterion and this would tend to hold the worst case closer-

fSignal fading, if significant (say more. than one or two tenths of a dB)

would result in a wrong "decision following the. integration of the AGC

~ voltage. We will: first consider the: beginning of a fade.' For a step
in the correct sense, ‘the net ‘result due to the erroneous indication,
" by the algorithm, would be a step back to the original pattern.. For

a step in the incorrect sense, ‘the fade would show an even worse result.

‘fbut ‘would. not effect a wrong decision. . At ‘worst then, the fade while _
-~ in ‘the transient ‘state, could prevent a- signal improvement for the case'
. wheén the ‘fade begins. - Now, during the steady state portion of .the’ fade
- period, the system would simply track in- the usual manner. During the

- fade recovery transient period, however, a-sudden increase in 51gnal DR ,
' level could obscure a decrease in level due to’ a step in the wxong '
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Effect of Signaleading.y(Continued).

direction. - The result would be'an incorrect decision and a change of -

. pointing direction away from the axis of the beam. This ‘may not be

gerious, however, since the beam should’ originally have been in the
near optimum orientation. - -

A method of minimizing fade problems might be to automatically dis—:

able- the: system during fades..-

Wind Effects

'The effect of wind shouldn t. be a serious problem since the structure

is designed to’ 1imit motions to within approximately * 0,03°. TFor
the continuous. stepping system it may result in momentary ‘wrong

decisions which would subsequently be corrected. The gain degradatlon '

would not, however, exceed 1.0 dB. For the optimum hold system, wind
effects would premaLurely initiate an optimization sequence but . this .
would not be. a serious problem. :
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'STEP TRACK SYSTEM CONTROL .=

. ALGORITHM POSSIBILITIES

Two system control algorithms are considered here. The first is the continuéus.

stepping system. "The second is the -optimum hold approach which inyolves stepping

only when a pointing correction is 1equired. The control algorithm for each

. system is given below:

‘ Method 1 (Continuous Stepping)

o With ‘this method, a cycle would occur in the elevation plane followed by a
“- - . cycle in the azimuth plane. The cycles would repeat themselves continuouslyg

R ‘Step.in one direction (either plane);

' Z.H,If an ‘increase in level occurs switch to other plane. Otherwisex o
step back once. and switch to the other plane._ ' : o

3. Repeat'steps l’and 2. (Step_l starts with a stepsin'the'same:
©  direction as the previous step for the particular plane).

~NOTE;' lhis system could be designed such that it operates for only
T a specific duration following a specific time interval '

Method‘Z? (Optimum Hold)

‘With this approach.an optimization occurs in both planes follow1ng the observance
‘of a‘degradation of signal lével of more than 0.4 dB relative to the signal _
level immediately. following the previous optimization. During the period between .
. optimizations,_the memory of the previous signal level. is updated if: and only if o
"Va signal increase occurs. This is to avoid fade problems.

1. Perform steps'2 to &’twice.
t2. Step in one direction (either plane)

3.. If an increase in level occurs switch to the. other plane.J;
' cherwise_step“backAonce and switch: to the_other‘plane.:

4°f.Repeat'steps 2 and 3.
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"' APPENDIX € ©

" CONE-SCAN TRACKING SYSTEM-
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* CONE-SCAN TRACKING SYSTEM

Introduction o , ' T

The proposed cone-scan represents a ‘simplification relative to the
conventional cone~scan system. The conventional cone-scan system
obtains its error signal by sweeping the beam continuously in a o
circle about the axis of the antenna. The beam thus sweeps out a

- cone (see Figure Cl)which if the anterna is not pointed correctly

will result in a varying signal level from. which the error signal

is derived. The simplified .system, however, simply scans the beam
sequentially in - two orthogonal planes. The scanning is not continuous
but' operates in discrete steps which switch among four different

beam directions, two in each orthogonal plane. -(See Figure C2). The
error signal in each plane of the simplified system is derived from

the difference in. 1evel observed between the two: opposing beam S
directions. :

t

Proposed System

The block diagram of the proposed system is shown in Figure C3. The "
system centers around a mode controlled feed shown: of a Cassegrain .
antenna. Mode control is effected by exciting higher order modes in-
the throat region of the horn by means of four normally short circuited -

‘coupling loops. . The loops store basic mode energy and re—radiate the

energy in the form of - higher order modes.

The short cilrcuits of the coupling loops can be isolated from the

- loops. by bandpass filters to restrict operation of the tracking system

to the tracking frequency only if a separate tracking. receiver 18
utilized although use of the communications band and thus the communi-
cations receiver results in a more economical :systen. Thus with filters
the beam is not scanned at the communications frequencies '

'Now, if all four loops are short circuited, a symmetrical higher order

mode results (i.e. the TMOL mode) and a small change in the shape (or
taper) of the beam results but-neither the symmetry nor the direction
of pointing changes: If, however, one of the loops is terminated into-
a dissipative load instead of a short circuit, asymmetric modes will
result giving a shift in the axis and the phase center of the feed
horn's beam. It is thus evident that the beam can be scanned by

‘sequentially switching the loops into dissipative terminations by =
opening shunt connected short circuits (i e, switching diodes) ‘

With reference to Figure<:3 the system is seen to operate’ sequentially._}:

by means of switching diodes) opening’ the shunt path to ground and
G”OWIng the RF energy to pass into the termination of each loop in
turn. - The switching diode control unit sends a synchronization signal
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C.5

Propoéed:SyStem (Continued)

to the resolver. The,fesolver will"deiivérwoﬁe of_fhe’thfee
following signals to each axis following each scan.

+ 1 north.correction (or west
- 1 south cbfrection (Or east)
: 0 .no.cbrfeétiOn“.
Scan Raté

A scan rate of.60 Hz is chosen in order to take: advantage of the
available AC mains reference.

Scanning.Amplitude

The scan amplitude (in degrees) should be minimized

in order to keep -the coupling loops small enough so as not to disturb
the performance of -the horn at the communications frequencies if a
separate’ tracking receiver is used, or, to minimize loss if the communi-
cations beéam is scanned. A value can be chosen on the basis of
choosing a point on the pattern where the slope is becoming reasonably
linear. On this basis, a value of ¥ 0.08° 1s chosen. This. angle occurs
approximately at the -0.4 dB level. (See Figure C4).

Pointing Correction Decision Criteria and Step Size

If the antenna is pointing 0.04 degrees off axis, then a differential
level of 0.4 dB will be observed by the tracking system. (See Figure C4).
It is assumed, at this time, that a differential level of this magnitude
will be easily recognizable. If the correction criteria of 0.4 dB is
chosen, it then follows that the step size should be 0.04°.
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APPENDIX D

N. Tom-

Autotracking of Communications Satellites by the step-track technique

(Paper given at the Conference on Earth Station Technology, 14 ~ 16
October, 1970, by the Institute of Electrical Engineers, Savoy Place,

London, England
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: AU'] OI RACKING OF COMMUNICATION SATELLITES BY THE ,
'STEi’ 2y uACK TECHNIQUE ) ‘ '

N, N. Tom

1. Introduction. The lack of h1gh qngul'lr dynamics in modern commumcatlon

-satellites offers the potential for a significant decrease in complexity of the earth

station autotracking system.. A scheme is presented herein which permits the

- exclusion of . tracking feeds and multiple receiver channels in satelhte earth sta-
t10ns, “at the expense of a typically small mcrease in pomtmg error.

~Conv_entiona1 autotracking systems basically consist of closed f‘eedback loops

~ which null out the error channel signals. While these systems have many desir-

able features, they can be unnecessarily complex with unwarranted high- perform-
ance capability, especially for some satellite communication receiving stations
where the only purpose of the trackmg system is to maintain Lhe operational gam

 of the antenna

The des1re for a smrlpler tracking eyetem led to the development of Com-~
putrack. (1) The operation of Computrack is similar to the opcration of manual

- . tracking in which the peak of the dntenna beam is sought instead of the null of the

error pattern except that a small computer is used to perform the functions of the
operator. The experimental results of Computr ack demonstrated conceptu 11

o credlblhty of the peak secking technique.

Step—-Track ig a further s1mphhc’1txon of the Computr: ek eohomo The scheme

- presented is especially- applicable for low-cost satellite communication rec cwe—
" only statlons, such as for future domestic TV distribution systems,

‘This pa'per dlscu'SSOs the general operating philosophy and the implementation
of the Step-Track scheme The performance of the Step-Track technique is also

. analyzed.

2. Step-Track Concept The operatlon of the Step-Track syetem is quite S1mp1e
After signal acquisition, the antenna is commanded to make an initial angular
move. By comparing the received signal level before and after the move, the
direction of the next move can be decided. That is, if the signal level has increased,
the antenna continues to be moved in the same direction, If the signal level has
decreased, the direction of movement is reversed. This process would be con-
tinuous and alternating between the two orthogonal antenna axes. Because the ‘
antenna is made to Step- toward—energy peak, the name Step-Track was derived.

Step~-Track has a number of limitations. It is almost axiomatic that locating
a beam maximum can never be as accurate as finding a sharp null. - Further, .
tracking can be degraded by amplitude fluctuations in the received signal levels
owing to atmospheric perturbation or satellite antenna stabilization. Because of
the constantly stepping of the antenna, the communication signals would be ampli-

- tude modulated at the stepping ra.te Although the small amphtude modulation may -

)

N, N Tom is with PhllCO—FOI‘d Corporatmn, Western Development Laboratorxes

.Div1sion, Palo Alto, Califorma
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not degrade the receive signal, the same modulation may not be allowed on the
uplink, especially when the satellite power is shared by more than one communica-
tion link. Thus, this scheme is more applicable to rcceive-only stations.. While
the Step-Track has these hmltauons, it conshtutes what might be conmdered Lhe

_ultimate in qlmphcny

'3, Implementatron.. The simplicity .of the Step—’l‘rnck sysfenﬁ can he seonjby'the o

.general block diagram shown in Figure 1. This system only requires a signal

strength detector; a decision circuit with assomated timing generator, and stepper~
motors. . .

The de voltage into the decision cxrcmt, Iopresé;ntmg the received signal level
could come from any demodulator equipped with AGC or S-meter monitors or from’
a separate self-contained IF energy detector.

The decision circuit (Figure 2) can be easily implemented with two sample/
hold and integrator modules, a voltage comparator, and a few logic gates. The
two sample/hold and integrator modules are used to sample the input voltage levels
before and after the antenna has been moved. Then, these lwo samples are com-
pared. The logic modules take the output of the comparator, togather with the
knowledge ‘of the previous move, and {?enel ate new. Lollxlnallds f01 the stepper- . =

~motors for the next move.

The timing generator cé_n simply be an oscillator with a oount down network
-which provides four-output lines. The timing pulses appear sequentmlly from
line 1 to line. 4. With tlus timing arrang(\ment the sequcnoe of opcratlon is as~
follows

»_1.' Sample with'Samplé/Hold-»Modulé i1
2. Move X-axis |

3. Sample with Sample/Hold Module #2
4. M'ov.e Y-axis

Because the antenna's boresight axis is continuously being stepped, some
average pointing error would obviously exist even if the system is operating under
perfect conditions. Of course, with noise perturbations, erroneous decisions
could be made which would increase the pointing error. The Step- -Track perform-
ance is analyzed in the following sections.

Step-Track Performance. For communication earth stations, the effective
anLenna gam is actually the only critical parameter that is affected by tracking .
accuracy. Thus, the average effective antenna gain loss is a meaningful angle
tracking performance criterion and is used here as the figure of merit in evaluat-
ing the performance of the Step~Track technique.

- To simplify the analyseé,_ it can be assumed that each antenna axis is inde-.
pondent of the other. The analysis is performed in three steps:

‘1. Determination of the probability of error when comparing the two
sequenced output voltage samples in a noisy environment,

2. Derivation of the transitional probabilities between steps and the
gtationary probabilities of given antenna offsets, and - ‘

T
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o, Calculation of “the corre'spOnding antenna gain*loss.

JAs an algebralc convemence, the analysis is separated mLo two s1tuat1ons

(0N a statlonary satellite and (2) a movmg satellite.

: ”4 1 Statlonarv Satelhte Trackmg The Smelest case, which can be conmdered
s when relative motion between the satellite and earth station is negligible. How—
‘ever, because of the step-track mechanization, the antenna would still be moving

in incremental angular steps of size Ag after the satellite has been acquired.
Since the antenna is moving in fixed increments, the possible locations of the
satellite are discrete points on the antenna beam pattern, with each point being ™

" A® away from its adjacent points. Assuming that one of the points is at the peak

of the antenna beam, the discrete points can be marked off on the antenna beam’
pattern and the speclflc angle may be denoted ..., 0.1, 9, 01, 0g, ...ete., -
where 64 is an angle which is iA0 angular distance from the peak. Wxth the discrete |

-angles so designated,.the tracking model is analogous to a random walk problem -

in which the antenna is stationary and the satellite moves [rom one discrete point
to another. - The interpretation of the random walk is such that if the decision -

- circuit detects the satellite walking up the slope of the beam paltern (réceived

signal level lncreasmg), the walk continues to be in.the same direction. Qther--

‘wise,. the direction is reversed. According to this rule, if the detection is always

a correct one, the satellite would quickly reach the peak of the beam, and there-
after, walks back and forth between 6 and 6_7. When the received S1gn'11 is
perturbed by noise, there is a finite probablhty that an-erroneous: detectlon would

‘. be made In this case, the satelllte would be walkmg further down the slope

The probablhty of an crroneous detection can be solved in the same manner
as in determining the error rate for demodulating an amplitude modulated digital

“signal, Assuming that the normalized antenna voltage gain pattern is guassian

in shape and assuming square law detection, it can.be shown that the probability
of an erroneous detection is given by: A : :

. 1 [ 2 o = a
Pe (01"’° eH_l-_)_—. N N e dx . ‘(1).,
. i : ' o

probablhty of erroneous detectxon after the satellite ‘

where pe'(eiwé
o has moved frome to e o

41 =

6/ [6 - G,

2 \/_ {b/BIF [1 +S/N (G(e ) + G(g +1))]§1/2

@)

Py =

where S/N =" input signal-to-noise ratxo in the II‘ bandmdth when the
' -satellite is at the peak of the beam,

G(Ie'i). = normalized power gain of the antenna at ei
= o 27 |
= xp[277(e/ehp)] |
b = post- detectxon low—pass filter bandWLdth
BIF = IF bandw1dth

ehp = half-power antenna beamwidth
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. parameters exist Wthh are functlons of the satellite drlft rate
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Similar expressions can be derived when the satellite is moving from 6j to i1,

Therefore, the probability of a detection error is a function of the input S/N, the

size of the incremental angular step A6, ‘and the bandwidth ratio BIF/ b.

The trans1stlon probab1l1ty, P (81 - 0i+1), is delined as the probab111ty that the

satellite would, after arriving at 64, move from 6; to Oi41- The stationary proba-
: blllty, P(oj), is the long ~-term average of the t1me that the satelllte is at 8i.

Based on the symmetry of the antenna beam, the followmg formulas can be

' derlved

P@®,) = ( 0) 1+ (el 1. o) T (e % )- fori>o0 (3)
R | : RAP BET e
. 1-P (o, , s o) =11 ;’e(9j441*9j) E S

Now, l)ecause the satellite mu'st_ be at one of .the:di’scre:te allgles; it is. clear that "

s ¢]
i:hoo
Using equatlons (3) and (4), and knowing the p1 obabllltles of detectwn errors, the

stationary probability. of a glven pointing offset can be calcuhted for spemflce
system parameters S _ :

The precedmg analysls is valid only 1f the sum of the statlomry probabilities”

. for angles outside the first nulls is small. This sum of stationary. probabilities

represents the probablhty of loss of track.

Finally, the average loss, L, in an_tenna effective gain can be easily obtained
by:

L~=-10 Logz P(O)G(()) a@m (5)

‘The statlonary probablhty dxstrxbutlon for an mput '%/N of 10 and a step size of

Gh /10 is shown in Figure 3. Figure 4 shows the average antenna gam loss as a N
functlon of the step. size. : _

4.2 Moving Satellite Tracking. The above analysis for stationary satellite track-

_ing indicated that the average loss is a monotonically increasing function of the

postdetection filter bandwidth, b, and the step size AO. Thus the system can be

- ‘optimized by keeping b and A0 as small as possible. However, if the satellite is

moving, additional constraints need to be considered. Since, before sampling the

. voltage, the decision c¢ircuit must wait for the output of the postdetection filter to

reach the steady state condition, and since rise-time is inversely proportional

to b, “a small b means a relatively large time interval between samples, which in
turn, implies a large time interval between successive stepping of the antenna. If
the time interval between successive stepping 1s too large, the satellite angular
drift will itself constitute an apprecxable error. In fact, if the amount of angular

_ drift during this time interval is larger than A6, the antenna can never catch up

with the satellite and it will result in permanent loss of track. Thus, optimum

SX Be)sto ..(4)A _\
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N Tho analysm for the moving c*atelhte is analogous to the statlonary satclhte

: except that the rule of the random walk would be modified. Defining the time mter—
* val between stepping and sampling to be T , then,. the time between successive

" _stepping of the: antenha in the same axis is 4T. During this period, the. satellite

" "would have drifted through.an angle of 4Té-where 6 1s the satellite’ drl.ft ra_l:e° : Thus,,
o ‘equatmn 2 must be modlfled as follows

-

(N) [c(() £6T) - G (é. +A9£'6T)-‘|

1 zﬁ{gw [1+ & (c(e ¥ 6T)) + Glo, + AOi(ST)]}l/Z Q_

" The plus or minus signs in front of T depends on whether the stepping is in the
same or opposite direction of the satelhte drift., The effective stepping size is also
changed to A()ﬂ: 4T6 ‘ 3 L

Because of the asymmel:rlcal charac,terlstlcs of  the effc,cuve step size, a closed—
' form formula for the transition. probability is not obtalnable. The transition proba-
. bility must then be obtained by successive apprommatlons. Assummg a small IF
- bandwidth of 2kHz, an input §/N of 3 dB, a satellite drift rate of 0, 00042 deg/sec
t (correspondmg to 5° Figure 8 motion), a step size of 0 /1() and selectmg T -to
- be 5/b, the stat1onary probabilities for various postdel} ition bandwidths were cal-
culated and are shown in Figure 5, This figure clear ly indicates the dynamic lag
of the antenna beam. The average losses for thrce different types of stations are
'shown in Figure 6 as functions of the postdetectlon bmdmdth wlnch showed that an
Optunum ch01ce of b cmsts for each. - : o

5. Conclusmn. The Step- ~Track schcme has two fundamcnml dlsadva.ntagcs. Itis
susceptible to AM 1nterference, of which there are many sources and it is less
_accurate than conventional means, - -However, even in the lowest practical input
signal-to-noise ratio examples (S/N = 3 dB), the gain loss from tracking can be
moderately small if the satellite drift rate is not excessively large. - Thus, it is.
- concluded that Step-Track represents the most cost-effective approach for trackmg
~synchronous or near synchronous altitude satellites, ,

C

. Reference o _
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. Flgure 1. '~ A Possible Step-Track Subsystem Configuration
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