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1 
SECTION 1 •  

I INTRODUCTION 

1.1 Reference 

This report summarizes the antenna tracking portion of a study entitled 

"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 COMM1 is completed under a 

separate cover. 

1 
1 
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SECTION 2  

GEN ERAL 

2.1 Scope  

The trend of communications satellite systems development includes the 

simplication 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) operating in the 12  GHz and 14  GHz bands 
b) using a high power TWT transmitter 
c) using high gain, steerable antennas 

d) operating from a near-stationary orbit 

in order that relative low cost, simplified ground terminals may operate 
with it. 

In 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 capabilities. For the purpose of this report, we categorize tracking 
as follows: 

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

(2) Programmed - in which the antenna moves in a prescribed 

manner according to the characteristics  of .a  reference source 
such as a mechanical cam, potentiometer output, etc. 

Auto Track - in which the antenna moves in such a direction 
as to tend to reduce an error signal that is generated by the 
difference between the antenna  fo  electrical boresight and the 
line-of-sight between satellite and ground terminal 

Ideally, of course, for lowest costs we maintain that the best tracking is 
no tracking, implying that the station-keeping capabilities of CTS should 

be adequate to maintain its observed pointing position within the effective 

beamwidth of an operating ground station. 

2.1 

(3) 



2.2 

Unfortunately, such is not the case sinCe CTS,:.being experimental, sacri-

fiées some potential . station-keeping Capabilities  in. the  interest .  of.oVérall 

• 'spacecraft weight. - - Therefore, for all antenna sizes except . the very 

sMallest, the-observed satellite ,Motion will exceed the ground antenna' s 	• 	• 

beamWidth.. 
. 	. 	. 

The fact-that CTS is not truly' representative of the neXtgenération of ccimmuniCa.- .  
• tions satellites raises some fundamental questions 	. 	 . . 

1. How much effort in time and money should be invested in the CTS experi-

mental program to develop antenna auto tracking systems, if there is little 

likelihood that such systems would be used in an operational system? 

2. Even though technicaIly not needed, are there other advantages to track-

ing systems in future operational systems that may merit further considera-
tion? 

3. Is programmed tracking a reasonable alternative for , CTS during the-experi-

mental program? 

To these, of course, we could add a more basic question - why have tracking at 
all? 

Traditionally, antenna auto tracking systems have been rather costly, both 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 appreciate this. 

Traditional systems are, of course, over designed for the needs of the CTS ground 

terminal. Further traditional systems are mostly "one of a kind" - optimized for 
a particular specialized need. If these were the only available concepts, the 
answers to the first two questions posed above would be forthcoming immediately. 

However, recently there has been considerable interest - b6th experimentally 
and now operationally - in simpler limited performance, auto tracking systems. 

Step track is currently the most prominent in this class. 

A typical step track is defined by the following general characteristics: 

a) tracking coverage is limited 

b) antenna motion is not continuous but in incremental steps 
c) the interval between steps is controllable 

d) the loop is nctt closed except for brief time intervals straddling 

the step. 

* See Appendix D 



Rough cost projections based on this technique suggest that relatively low cost 

systems, particularly in quantity seem feasible. For that reason we have 

examined some implications of step track quite closely in this report. 

More recently, a different auto-track concept has been developed using elec-

tronic beam deflection. Because of the basic similarity of this technique to the 

earlier "conical scanning" systems used in radars, we have retained the term 
It
cone scan" for this system as  well  In addition to potential low cost, this 

technique also may provide better rejection to fading effects, and a more  sensi-
tive measurement of error than step track. 

Both step track and cone scan systems are potentially suitable for the CTS experi-

mental program and  must be considered. While some significant development costs 

are still involved, these will be considerably lower than those encountered if a 

more conventional monopulse system were to be adapted. 

Both systems also have advantages in operational systems where an auto-track 

capability would provide 

a) simpler antenna installation (relaxed levelling requirements) 

b) automatic satellite acquisition 

c) self-alignment to the earth-satellite line-of-sight 

d) some degree of improved overall pointing in the presence of 

winds or where thermal distortions may be significant 

to Partly compensate for the cost  of  the tracking facility. 

Thus, the answer to the first  Iwo questions posed earlier becomes clearer. To the 

first, we say that most certainly, reasonable effort in developing antenna track 

capability is warranted. To the second, we say Yes. 

This leaves the last numbered question, relating to programmed track. At first, 

we thought that programmed tracking was a reasonable procedure, but 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 to install, align and operate the system. It 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 comments in 

the text. 

* See Appendix C 



We now arrive at the question raised almost as an after thought - why have 

tracking at all? For teChnically minded personnel, m-anual tracking can in fact 

bè practical and at least as accurate as programmed track and so is an accept 

able solution. However, for experiments involving the Mobile terminal, thé 

operator's time may be at a premium. It may therefore be more profitable to 

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

And for TV receiver terminals, the concept of a "technically unattended" 

terminal requires continuous operation without operator intervention. 

2.2  Recommendations  

We make the following recommendations regarding the ground termindl antenna 

tracking capabilities for the CTS experimental program: 

1. Small terminals, say up to 2 feet diameter (nominally) may be fixed. 

Elliptical reflectors should be used if necessary to "shape" the beam so 

that it may be better superimposed over the observed range of CTS motions. 

0 Installations with antennas of modest size (say, 2' to 6' nominal 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 'axis adjustment should be provided so that repeated 

manual acquisitions can be made using. one axis adjustments. 

3. • Most larger receive only terrninals representati ve-of "domestic  user"  cate-

gories (5' to 10' nominal antenna diameter) should be equipped With 	, 

Simplified auto-track capability.over a limited range. * 	• 

SOme large recei nie only,ferminals may be suriplied with no tracking caper 

bilities in speçific instances (See the last pgragraph of this section). 

. 

 

5,• 	terminals capable'of both receive and transmit functions (say, 6' to 

15' nominal antenna diameter) should be equipped with both manual  and 

 auto-track facilities.* 

We have not considered the tracking needs for the main communications control 

center at Ottawa. We assume that the existing, high performance, conventional 

monopulse system already part of that installation will be used. 

In recommendation No. 4 above we have noted that some large receive-only 

terminals can be useful even without tracking. This statement is made under the 

assumption that some experiments will need only a 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, and other notes, see section 4). 

* Either step-track or cone-scanning systems. 

2.4 



In these cases, antenna alignment can be made to coincide with the expected 

line-of-sight angle during some specific time interval and taking into  considéra-

fi on  

(a) The "nodding" motion occurs in sidereal time which has a time cycle 

about 4 minutes less than universal time 

(b) The fact that the useful time interval is longest when the satellite is 

at the extreme limits of its nodding range * 
(c) Satellite motion predictions are available by transmitted data or 

observation 

Further analysis of this mode will not be undertaken as it is dependent upon the 

experimental requirements, the experimental time cycle, and the actual achieved 

satellite orbit. 

2.3 Tracking Loss Estimate Summary  

One side result of this study is a revised estimate of antenna tracking and deforma- 
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 extracted from Tables 8-2 and 8-3 
of Section 8. 

We recommend that, until these values are superceeded by an improved estimate 
or measured values, they be used as the "Tracking Loss" allowance entered into 
appropriate system thermal noise calculations using Program COMMIA or equi-
valent (ref. 15). 

2.5 

See Section 4 
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SUMMARY OF ESTIMATED TRACKING LOSSES FOR CTS GROUND TERMINALS  

TERMINAL 

Radio Reception (Fr) 

Voice (2-Way) 

TV Receive 

Mobile 

ANTENNA 	 TYPE OF 	 TRACKING LOSS (dB) 

DIAMETER 	 TRACKING 	 12 GHz 	 14 GHz 
(Ft.) 

Fixed 	 1.4 	 N/A 

Manual 	 1.5' 	 1.8  

Step-Track 	 1.2 	 1.6  

Step-Track 	 1.6 	 2.0  

NOTES 	(1) Loss Exceeded 0.01% of the time 

(2) See Table 3.1 for definition of Terminals 

(3) See Table 8-2 for angular errors corresponding 
to losses at 12 GHz 

(4) See Table 8-3 for angular errors corresponding 
to losses at 14 GHz 

TABLE 2.1 



3.1  

SECTION 3 

GROUN D TERMINAL CONS I DERATIONS  

1 

1 

3.1 	General  

Only a few basic parameters directly influence the tracking characteristics. 
These include antenna beamwidth (related to diameter), terminal location, 
and intended use. In addition to these, the category of personnel operating 
or maintaining the terminal is also of consequence. We therefore begin this 
section by selecting  an  appropriate representative sampling of terminal con-
figurations. 

3.2 Types of Terminals  

The possible range of terminal types that might be used in a system utilizing 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 identified by nominal antenna diameter as summarized in Table 3-1. 

Receive-only terminals are representative of those which might be used by non-

technical, or "consumer" type users. The 2' diameter ,  version would be a fixed 

(non-tracking) type used primarily for radio reception while the 8' diameter ver-

sion would require tracking (in one dimension) type used primarily for television 

reeeption. The intent for both of these terminals is to examine the requirements 

for a simple, potentially inexpensive, minimum technical configuration for a 

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

be used rather than programmed 'racking for the larger diameter version. 

Two-way voice service is thought to be of more use from portable, light-weight 

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 communications would be intermittent in use, and normal readjustment of 

pointing, once initial acquisition has been made, should be quite simple. 

The larger diameter terminals - the 10' and 30' versions - are representative of 

those used by technical personnel. Their rather narrow bandwidths and accurate 

pointing requirements tend to remove them from the "consumer user" category. 

The 10' version intended for mobile terminal service may be equipped with an 

auto-track capability as well as manual track. 
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ASSUMED TYPES OF GROUND TERMINALS FOR THE CTS EXPERIMENTAL PROGRAM 

. 	TYPICAL 	TRANSMIT , 	PERSONNEL 	OPERATING- 
SERVICE. 	DIAMETER 	CAPABILITY 	.CATEGORY* 	. DUTY CYCLE** 

(FT)  
• RADIO-RECEPTION . (FM) 	'2 	NO 	UNTRAINED 	. 	CONTINUOUS. 

VOICE (2-WAY) 	4. 	YES - 	VARIABLE 	INTERMITTENT 

TV RECEIVE 	8 . 	OPTIONAL 	UNTRAINED . 	CONTINUOUS 

TV TRANSMIT (MOBILE) 	10 	YES - 	TRAINED 	AS REQYD. 

CONTROL 	30 	'YES 	TRAINED 	AS REQ'D. 

* NOTES ON PERSONNEL CATEGORY 

(a) UNTRAINED - persons such as householders, general public, etc. 

(b) VARIABLE - skilled or unskilled in operation of 2-way radio equipment. 

(c) TRAINED 	- skilled electronics personnel with tracking system experience. 

** NOTES ON DUTY CYCLE  

(a) CONTINUOUS - equipment to be installed and left unattended for long periods of  time  

(b) INTERMITTENT- operation usually for 1/2 to 1 Hour at a time. Selectable re-aqusition normally 
required for each operational interval. 

(c) AS REQ'D. - stations normally manned and operational time will be pre-arranged  or  pre-scheduled. 

TABLE 3-1 



3.3 

I I 

Some form of program irack could be provided on an optional basts as an experiment. 

The 30' version rèpresents the control terminal and is inCluded for cOmpletenéss 
only and no further discussion will be made. 

3.3 Terminal Locations  

The representative terminal may be located anywhere on the earth's surface with-

in the 50  coverage circle * appropriate to the LIS  satellite located at its 

intended nominal parking spot at 114°W longitude. The study aspects for track-

ing requirements have stressed adaptability of alignment and tracking throughout 

this range so that an actual specification of location is not necessary for most 

purposes. 

However, for specific evaluations we have selected a geographical  site  Notably, 

some of the analysis of the observed motion of the satellite has been performed 

with the observer at Ottawa (see Appendix A). The observed satellite motions 

would in general vary from one point to another but the general or "gross" 

behaviour should not change significantly and such changes as might occur can be 

easily compensated for. 

3.4 Tracking Line and Tracking Angle  

Sorne definitions might be made at this point. Because of an assumed CTS orbital 

"tilt" relative to the earth's equatorial plane, a spacecraft in circular orbit will 

be observed to move along a very narrow "figure 8". 
If, however, the observer is in Canada, his point-of-view will be different and the 

observed motion will be slightly 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 permits an antenna that is equipped with 

rotatable "tracking" axis to be oriented such that the tracking axis is perpendi-

cular to the tracking line in which case only one tracking mechanism is needed, 

providing that other incidental E-W motions do not exceed the antenna beamwidth. 

* The 50 
 coverage circle is an imaginary circle on the earth's surface enclosing 

all points where a ground antenna can "see" the satellite at an elevation angle 

of 50  or more above its local horizon. 

** The observed satellite motion when other perturbing influences (such as 

eccentricity due to solar pressure) are added will in general be along a different 

path than the tracking line. We will consider this later. 
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3.5 Ground Station Antenna Beamwidths  

The beamwidth of an antenna is a function of both its frequency and its diameter. 

One further characteristic must be specified to provide a more complete under-

standing. This is the definition of the loss in maximum gain at the beam edge. It 

is common practice to Specify beamwidths at the 3 dB down points; «however, in 

more accurate systems it is advantageous to specify beamwidth at something less 

than the 3 dB points, such as thé  2 dB, 1 dB, or .5 d13 down points: Figure 3-2 
shows the beamwidth characteristic for a typical parabolic reflector antenna of 
10 1 ' diameter at a frequency of 14 GHz. 

Figure 3-3 is a graph prepared to illustrate the relationship between the antenna 

diameter and various beamwidths as specified above at a frequency of 12 GHz. 

The ctirves are appropriate for an assumed paraboliC 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 example, for a 10 foot diameter antenna 

the beamwidth at the 3 dB down points is 0.56 degrees, whereas it decreases to 

.23 degrees at the 0.5 dB down points. in this figure no allowance has been 

made for tracking or other errors.. Two horizontal reference lines have also been 

included. One is at a beamwidtb 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 appropriate beamwidth must be larger than 0.4 degrees in 

order to provide continuous coverage. A second horizontal reference line has 

been shown at 0.2 degrees which was the original east-west objective. 

Figure 3-4 is a similar graph prepared for 14 GHz frequencies corresponding to 

the transmitter bands for CTS. The reduction in Beamwidth because of frequency , 

for antennas of a given diameter is clearly evident. Table 3-2 lists selected 

beamwidth values for a representative selection. 

3.5 
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NOTE: ,Antennas'asSunied to be Standard Parabolic:types with_55% efficiencY'.. 

Oil MI IMO flit 	011111 	IMO 	- 	 MIR nit IONS IBM .1111 	1.1118 

TYPICAL ANTENNA BEAMWIDTHS  

(Feet) 

BASIC BEAMWIDTHS 
.0.5 dB DOWN 	1 	1.0 dB DOWN 

.(Degrees) : 	 (Degrees)  
.3 dB DOWN 

(Degrees)  

10 

12 -, GHz  

1. 1° 

0.56° 

 0.28° 

 0.23°  

14 GHz 

0.930  

0.46° 

 0.23° 

 0.19°  

12 GHz 

2.80  

	

0.81° 	0.68° 	1.4°  

	

0.40° 	0.350  

	

0.35° 	0.29° 	0.56°  

• 14 GHz 

2.5e 

1:200 

•0.600 

0.480 

12.  GHz 14  GHz  

1 -.4? 1.6°  



SECTION 4  

SPACECRAFT ORBITAL CONSIDERATIONS 

4.1 General  

In this section, we briefly consider the presently understood orbital behaviour 
of the satellite, including the effects of the major deviations. We examine 
first the station-keeping tolerance, and then assess the observed satellite 
motions resulting from these tolerances. 

4.2 Sate! it_ie_p_tai_ 	ing 

The f011civiing.oharacteristicS for the ,station keeping -•çibility of the CTS .  satellite 

hilve•been aSsumed: . 	 . 	• 	- 	 . • - 	 • 

a) No north-south station keeping is provided. Therefore the maximum 

limits of the orbital tilt of the CTS spacecraft has been assumed to 

lie within the ± 2 degrees maximum limits. 

A total east-west movement of the satellite of 1- 0.2 degrees relative 

to its nominal longitude is permitted. This latter figure has been 

suggested by the Spacecraft Systems Group in order to reduce some 

of the spacecraft fuel requirements. 

The resulting angular motion of the spacecraft relative to its nominal synchronous 

position may therefore be considered to lie within d "box" of 0.4 degrees by 4.0 
degrees. 

4.3 East-West Deadband Components  

The east-west deadband of ± 0.2 degrees is considered to be made up of 3 major 

components: 

a) Displacement due to orbit inclination 
b) Displacement due to the earth triaxiality 
c) Displacement due to eccentricity resulting from solar pressure 

Values for these displacements are given in Table 4-1. The total displacement, 

added on a peak basis, is ± 0.189 degrees, leaving an unassigned value of 

4.011 degrees for other minor contributions, not specified. 
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>MAIN EAST-WEST.MISPLACEMENTS FOR CTS  

PEAKING FREQUENCY  

4 times daily (sidereal tima).. 	At 2°  orbital tilt limit 

BUDGET  

+ 
- 0.0175

o 
 

OCCUR.ENCE 

+ 
- 0.025

o 
 2 times in 11 days (Nom) 

(solar time) 
Continuous throughout life 

.01159, 

f..  0.146
0 
 

+ 
- 0.1885

o 
 

Twice daily (solar time) Maximum Once/Year 

. 2000 9 

NOTES:  Peaking frequency refers to the number of times that the maximum displacement 
occurs per noted interval. 

Occurrence refers to the conditions under which maximum peaking occurs. 

SOURCE 

Orbital Inclination 

Triaxiality 

Solar Pressure 

SUB-TOTAL. 

Specified Limit 

Unassigned 



1 
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4.31- 

The time characteristics of these displacements is of some interest. Ignoring 

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

orbital tilt requires one sidereal day. Therefore, the  résultant  east-west motion 

due will occur twice per sidereal day. The east-west drift due to the triaxiality 
will require correction about every eleven days. Finally the east-west motion 

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

"peak" once a  year  Figure 4-1 illustrates the time behaviour of these displace-

ments. 

Because of the different cycle time frames for the 3 major displacements, the time 

intervals during which they will add up on a purely peak basis are relatively few. 

(In making this comment, We assume that satellite control procedures will not 

include relaxing the tolerance applied to, say, correction of tricociality displace-

ment when eccentricity due to solar pressure is at  lis  lowest). 

The major source of drift is due to the effect of solar pressure. For a continuous 

interval of about 36% of the year it will have a value of less than 0.095° resulting 

in a total peak east-west displacement of about 0.15° , 25% less than maximum. 

For about 17Y0 of the year this contribution will be less than ± 0.046° resulting 

in a peak EW displacement of  ± 0.10°, or half the maximum value. Special 

experinients relating to minimum tracking can thus be scheduled during this inter-

val. At other times, there will always be periods of the day where total displace-

ment errors are small, or where the apparent motion of the satellite slows down 	, 
(for example, at the exireme limits of the motion about the tracking line) where 

appropriate experiment scheduling can be done to make use of these factors. 

4 0 4 Displacement due to  Eccentricity 

Considering the error due to solar pressure, the following approximate equation 

relates the eccentricity e to the east-west motion e  (in radians) 

ce 

For CTS, the east-west motion of 0.146 degrees corresponds to an orbital „ 
eccentricity of 0.00128. 

* This equation is derived in ref 7. 	(P is in fact the true anamoly. 

1 



+0.025° 

4) .025° 
1 . 1-1ruster 

11 days - 	Fired 

(b) E-W motion (Gt) vs time due to triaxiality and station keeping every 11 dayS 

(a) E-W motion (G )  vs • time for inclination 6f 2° 

1 year 

(c) E-W motion (Gs) vs time due to solar pressure 

TIME BEHAVIOR OF CTS EAST-WEST DISPLACEMENTS  

FIGURE 471 



4.5 

4.5 Observed Satellite Motions 

A CRC computer program enables the path of a satellite in an inclined orbit and 

having a given eccentricity, and as seen IDy an observer at any observation point, 

to be plotted on a graph. Appendix A are individual plots for the case of an 

observer located at Ottawa. The satellite is assunied to have a 20  orbital tilt 

(consistant with the CTS limits) and a right ascention of 00 . Figure 4-2 shows 

the geometry of the earth-satellite system. 

An examination of these plots reveals that the observed motions can vary from a 

straight line to an open circle at varying angles depending upon the argument of 

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

eccentricity, cause the greatest east-west motions, these curves are most 

important in determining what type of antenna tracking characteristics are 

required for earth terminals. 

It is raiher difficult to examine the overall behaviour 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 4-3 
to 4-8 show their superimposed plots for A. P. 's  of 0°, 30°, 90°, 150°, 180°, 
and 2400  respectively with eccentricity as a running parameter. The general 

observation is that the actual tracking lines rotate as a function of G for A. P.  's  
close to 00  or 1800 , while the tracks themselves "open out" with e for A. P. 's  
close to 900  or 2700 . These  Iwo  effects are exclusive, that is, one is minimum 

while the other is maximum. 

One can conclude that the observed behaviour is variable with the argument of 

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

out by the satellite, then simple one dimensional tracking is clearly impossible. 

Now, a set of superimposed curves were prepared for different eccentricity 

values. These are shown in Figures 4-9 and 4-10 for E 's of 0.001 and 0.01 
with A. P. as a running parameter. Observe that the envelope which encloses 

all possible tracks is roughly a rectangle. Assuming that it is a rectangle, then 

Figure 4-11 shows the maximum size of these rectangles centered along the track-

ing line. Clearly, the effect of E is primarily on the width of the rectangle 

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

larger than the north-south dimension of the station-keeping "box" (See 4.2). 
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I. 
4.16 

The graph of figure 4-12 relates the E-W motion limits to eccentricity for both 
the actual satellite motion and the observed motion perpendicular to the track-
ing line. The observed motion limits are larger than the actual motion limits. 
The same relaiionship 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 the required "box" limits over which an earth terminal must track to be 
0.46°  x 4.4

0 
 centered on, and aligned with, the tracking 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 solar 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 eccentricities to be encountered. 
And eccentricities will vary through the year. 

Clearly, to avoid complex set-ups we should 

a) use an antenna beamwidth wide enough to cover the narrow width of 
the overall rectangle. 

b) use antenna tracking 

c) limit experimental measurement to a reasonable length of time 

These three considerations form part of the basic "rules" that vve can apply to 
the tracking needs. 

4.6 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  hot  required. Except for the case of the 
2' nominal diameter **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-
native. 

* Further north 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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4.18 

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 

a = A sin (wt + 	) 

The rate-of-change is obtained by differentiating the above equation, 

Aw cos (wt + 	) 

which is maximum when 

da 
dt 

so that 

da ,\ 
dt 	max = A w  

Now e  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 

t 	T 

and T is the period of the sinusoid: Therefore 

w =  21/T 

Over a short period of:time, the maximum total displacement/  \a  of the satellite 

during a time At is given by 
(cid 

A a =At  \dt) max 

= A 2  	At  

providingAt is very small compared to T. If we assume that an acceptable value 

of  1'\  a is  ±010  and that A is +- 2.2°  (maximum observed satellite displacement 

from nominal along the tracking line) then 

24 x 60 
2 1Y x +(2.2) x (± 

At  o. 

10.4 minutes 



4.19 

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. 
At the limits of travel, 

At = 288 minutes 

ignoring basic alignment errors , 

this assumes that the satellite moves + 0.2°  e.g. from 12.0°1 to  12.2° I, 
 thence back to I 2.00 1. 



SECTION 5  

TRACKING METHODS 

5.1 	General 

Before we examine the sources and magnitudes of errors in a working 
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 objectives. 

The fact that the total observed satellite motion is confined to 

a "box" 0.45° x 4 • 40 
 greatly simplifies the requirements. However, 

within the box, tracking accuracy may be required to be very high. 

We consider manual, programmed and auto-track concepts as listed 

in Table 5-1. 

5.2 	Manual Tracking  

This method 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 feet in 
diameter) in systems operated by skilled personnel with adequate 

satellite motion predictions. 

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 electrical actuator motors, with position synchros for 
reference. 

For small antennas which require only very infrequent adjustment, a 
simple hand wheel method of adjustment would suffice, with no electric 
actuators or controls • required. 

5.3 	One-Axis Programmed Tracking  

The apparent satellite motions have been discussed in some  détail and 
the feasibility of program tracking for CTS earth stations can be 

analyzed together with the use of an adjustable third axis (tracking 
axis). 

Error source estimates are derived in section 7 while total errors are 
developed in section 8. 

5.1  



MOTION ORIENTATION 
VARIATION 	1ST AXIS 	2ND AXIS 

Two Axes . Elevation Azimuth 

One Axis 

,TRACKING CATEGORY  

Manual 

Programmed 

(a) Simple Tracking 

(b) Compound Two Axes Tracking 	Azimuth 

(c) Conventional TWo Axes Elevation Azimuth 

Auto-track 

(a) Monopulse 

(b) Step 

Two Axes 

Two Axes 

Elevation Azimuth 

Elevation Azimuth 

) Conical • Two Axes 	Elevation Azimuth. 

MIMI MR MI UM III MI MN MI MI I MI 	MI MI MN MN MIN UN MIMI MU 

ANTENNA.TRACKING 'CONCEPTS FOR LOW COST,GROUND'TERMINALS  

CiTrIMENT S 

Manually controlled motor-driven systems are included 
in this category. 

Manually contr011ed offsets in thé azimuth direction  to 
improve tracking accuracy are included in this category. -  

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. 

Timing of motion in both planes is related to both solar 
and sidereal clocks. 

Three receive channels are required. 

Intermittent Antenna motion is used to derive eribr 
signal from single ±aceive channel AGC. • 

Continuous Electronic Deflection of Antenna Beat is 
used to develoP error.signal from - single receive' 
channel AGC. Antenna moves only where error exceedà 
specified magnitude; 

TABLE 5-1 
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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 can 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  usine  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 to supply the position indication for the comparator and the 

linear potentiometer is eliminated. This would permit better re-

solution of position over the small range of angular movement 

through which control is required. 

5.4 	Two-Axis  Programmed Tracking  

If the observed satellite motion lies within a box whose width 

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 motion along the azimuth. A block diagram of a system 

incorporating this method is shown in Figure 5-4. 

Under the assumption that north-south satellite motions occur in 

sidereal time and east-west satellite motions occur in solar time, 

the tracking mechanism must have clock references in both standards. 

Since motion along the tracking line corresponds to north-south 

satellite motion, its 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 Section 7. 

Tracking can also be accomplished with the more conventional azimuth 

and elevation axis. In this case both axes must be controlled by a 

combination of both clocks. 

Finally, we can contemplate tracking along the tracking line and 

perpendicular to the tracking line. In this case, the former 

motion is controlled by a sidereal clock; the latter by a solar 

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

two clocks be phased insofar as the time aspects are concerned, but 

requires a third axis for proper set-up, since azimuth angle settings 

are still required. 

5.4 
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5.8 

* 

5.5 	Conventional Monopulse Auto-Track 

Figure 5-5 shows the block diagram of a typical 3 channel conventional 
monopulse auto--track system. This is the type of system required for 

higher performance systems and narrow beamwidth antennas, such as on 
the 30' control station at Ottawa. Because they are typically very 

expensive, we shall not consider them further. 

5.6 	Step-Track  

For satellites which have limited apparent motion to earth stations a 

method of tracking using discrete steps in elevation and azimuth to peak 

up AGC voltage, has been found to be potentially simple and inexpensive.* 

Systems using this principle are currently being developed by RCA Limited 

for the large Telesat Earth Station for operation at 4 and 6 GHz frequencies. 

For the relatively smaller CTS ground terminal antennas, the step track 

approach should be equally suitable. Figure 5-6 is a block diagram of a 

typical step track system along one axis only, for simplicity. 

The basic operating principles of a step track system are as follows: 

Assume that the antenna is pointed towards the satellite and that a signal 

is being received so that an AGC voltage us  being developed in the 

receiver. If the antenna boresight is slightly off from il;e cmtenna-to-
satellite line-of-sight, then the received signal will not be as great as 

it would be for perfect alignment. Now, we give the antenna an 

arbitrarily small initial angular "step" in a random direction. If this 

initial step were in a direction to increase the misalignment, then the 

AGC level of the receiver would drop slightly. However, if the initial 

step were in the opposite direction, the AGC level would increase. Thus, 

observation and comparison of the AGC level immediately before and after 
the step would reVeal whether or not the initial random step were in the 

right direction. 

In practice, this observation and comparison would be done with logic 

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 confirm whether the second 

step were made in the right direction. This action of stopping and confirming 

is continued throughout the tracking operating interval. 

It is easy to see that, for a series of steps, the antenna motion would be 

such as to reduce the misalignment between the boresight and the line-of- 

sight . In effect, the characteristic is for the gain to "climb the antenna 

pattern" towards maximum. 

See Appendix B and Ref . . 3 for a more detailed discussion. 
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5.11  

Some methods of imiDlementing step track are given in Table 5-2. 

5.7 	Cone-Scan 

When the steps cause the antenna pointing to move past the maximum, 
the AGC level will again drop causing the logic circuit to reverse 

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 slight effective loss of gain must be tolerated. 

Some of the problems associated with step track lie in determining 

a) optimum step size 

b) step frequency 

c) logic decision criteria 

since the effects of noise in the received signal, fading, and antenna 

distortions due to wind all tend to upset the accuracy of the step-

direction decisions upon which the system is based. An estimate of the 

errors due to these effects is given in Section 7. Further evaluations 
have been performed (ref. 9) and field tests of actual systems are currently 
contemplated. 

This is a modification of the classical type of "conical scanning" used by 
certain types of tracking radar system. Figure 5-7 is a block diagram 

of such a scheme. 

In this system, the antenna beam is electronically "bent" through a 
small angle and the effect in the AGC output of the receiver is noted. 

The beam is then moved through the same angle magnitude but in the 

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

If the antenna boresight were aligned with the satellite to ground line- 
of-signt, then the AGC output levels would not change. However, if there 

were a misalignment, then the AGC levels would be different. 

In practice, the antenna beam "bending" would be rapidly switched back 
and forth between the two offsets, and the output of the AGC would be 

synchronously switched into a balanced detector. The output frorr; the 

detector would be an error signal proportional to the misalignment between 

boresight and line-of-sight. 

Comsat has conducted tests using a 95 foot antenna. More recently Telesat 

has purchased terminals using step track systems from RCA Limited. 
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Accurate adjustable Actuator motor 
electronic timer 	drives Cam- 

Microswitch controls 
motor relay 

Method of 
Actuatoi step 
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Ease of alt-
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size  
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Timer  

No problem 

None 

Cari  result in 
large errors 

Gear )Driyen Cam , 
on Actuator 

- May require 
different gears or 
cams 

Probable Major 
re-design 

Small effect on 
ovértravel 
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TABLE 5-2 (Continued on Page 5.13) 
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Adding provisions to move the antenna beam along a path 900 
 to the 

above completes the facility necessary for two direction tracking. The 

synchronous switch can also be used to separate the error signals into 

azimuth and elevation components. 

Switching may be reasonably rapid - a 15 to 20 Hz rate is probably 
quite satisfactory. This rate is  fast  enough that normal signal fading 

should not affect the error signal since the rate of fading is typically 

much slower. 

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

into a standard horn at specified locations. These probes are then connected 

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

fields inside the horn resulting in beam bending when only one termination 

is removed by opening a switch. 

If the probes are connected to the diode switches via narrow and pass filters, 

then the beam bending can be restricted to a specified range of frequencies 

(say, around the beacon). Thus the beam pointing at other frequencies, 

and particularly for the signal, would not be affected, therefore maximum 

antenna gain would be available. Flowever, the cost would be the 

addition of a separate beacon IF and AGC receiving system. 

A system making use of the above techniques has not yet been built. However, 

cone-scan appears to be very attractive and could be quite economical after 

development. We strongly suggest further investigation into this system. 

5.15 



SECTION 6  

OPERATING PROCEDURES  

For any of the terminal  s we assume that a table listing nominal azimuth, elevation 
and tracking angles as a function of latitude and longitude would be available. 
The site coordinates should also be known but the reference direction of true north 
may not be known with much accuracy. 

For the 2 foot and 8 foot terminals, which are receive only, the operators may have 
no special training and in many cases would not know the phasing or amplitude of 
apparent satellite motion. The 2 foot terminal would not have any tracking facility. 
The 8 foot terminal might have either program trc:Ick along the tracking line or 2 axis 
step track. 

The 4 foot terminal which would in general only be operated for short periods of time 
would only be fitted with a manual tracking capability but would probably have a 
means to adjust its tracking axis. 

The 10 foot mobile TV terminal would most likely be fitted with 2 axis step track 
(or cone-scan) but could also include either single axis or dual axis programmed 
tracking. A manual tracking capability would also be provided. 

Antenna Mounting  

The 4' antenna for the portable two-way voice terminal is assumed to be mouni-ed 
on a tripod pedestal with a gear driven head. The 2 foot radio receive only terminal 
would probably be fitted with adjustable sliding brackets such as the standard mounts 
for microwave tower installations. The TV receive terminal would probably have 
hand cranks to traverse its 8 foot dish. 

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



6.3 	Acquisition Methods 

The first requirement when setting up any of the terminas is to détermine trie 
north as accurately as possible. Then the antenna is positioned to point at the 
nominal azimuth and elevation  angles as determined from the table provided for 
the site coordinates. The antenna Positioner is accurately levelled and, if this 
feature  us  provided, its tracking axis as  adjusted to the tracking angle specified 
in the table. Then with the receiver operational, the antenna is moved either 
manually or automatically according to a prescribed march pattern in order to 
acquire the satellite. 

With manual search, a searching rectangle would be selected and the antenna 
moved in azimuth sweeps with discrete ele\iation step changes at the end of each 
sweep such that the full rectangle can be covered as shown in Figure 6-1. The 
step  changes  would be mlected to be less than the 3 dB bandwidth of the antenna 
and the sweep rate would be slow enough so that a concurrent frequency sweep' of 

a band of frequencies in the receiver would result in lock-on when the required 
carrier to noise level is exceeded. (Ref. 11 	). 

Control of sweep niay IDe via switch control and a remote positiân :  indicator-or 
simply by hand crank. Adjustment by hand is satisfactory for the smallest 
,antennas. The antennas which are provided for step track should automatically 
enter 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 with a march 
program but this would probably' not be necessary or justifiable. 

The 2-foot antenna requires special attention in its alignment because it has no 
tracking capability and must be pointed so that for the entire diurnal satellite 
path the required gain as  provided. The antenna 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 crossing 
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. For a "Figure 8" pattern of motion, this is now the correct 
pointing. For an elliptical satellite motion, the same procedure would be 
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 these marks in order that the antenna will point to the center of the ellipse. 

6.4 	ivlanual Track Operating Procedures 

This would require periodic peaking up of the signal. The period between cor-
rections may be increased by overcorrecting each time, i.e. driving past the 
peak signal position in the direction of motion. 
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6.4 

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

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

corrections for 1 dB variation would only be required approximately every 15 
minutes. for a 10 foot 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 

elevation. For other sizes the required intervals would vary inversely with the 

antenna diameters. 

If we consider that steps should be made twice as often to allow for errors due to 

wind,  etc.,  this would still not be a significant burden on the operator. 

6.5 Program Track Operating Procedures  

Manual acquisition of the satellite must be performed first, in accordance with the 

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 satellite crosses the zero point, and  phasing 

is complete. 

The amplitude 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 

adjustments of angle might be subsequently required. 

Several possible methods of program tracking have been discussed. For each method, 
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 alignment of the 2 foot 

antenna  fol  lowing  satellite acquisition 

Where program tracking employs a simple 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  if  would also be required to 

phase the outputs of the position indicators to the reference sine-cosine potentio-

meters which must be phased to the zero crossing point. 
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In practise the sine-cosine potentiometers would be phased directly to the clock 
drivers and providing the clocks are on time they will provide the correct output. 
To phase the tracking would require adjustment of the position indicator potentio-
meters such that their voltage is the same as the sine-cosine potentiometer outputs.* 

During 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 advantageous and subsequently at 
periodic intervals spot checks should be made to deterrnine whether or not the 
tracking isstill within limits. Limit switches to prevent the antenna from being 
driven outside the re-acquisition range would also be a good feature. 

6.6 	Auto-Track Operating Procedures 

We describe auto-track operations from the point of view of step-track systems. 
Most of these procedures are, however, applicable to the other systems. 

The basic advaritàge of an automatic tracking 'system is that once ,enabled, there' 
should .be little additional effort required further froni the operator. ; ,A•search 
Mode may b&included in the Capabilities  to  relieve' the .operatOr from the fask' of 
initial acquisition beyond that of enSuring.that. the antenna- points  approximately 
in  the  rightdirection. The seardh pattern  is esSentially the 'same'ai the des-;' . : .  '•- 
cribed •in Figure 6-1. Transition  from ,  thé search mode to the tracking mode occurs 
when  the AGC level éxceeds a preset threshold level 	Details 'must, .of course, 
be  left. for the designers. 

Loss of signal while tracking should ordinarily cause the system to 'revert to the • 
search.mode, Manual override, however, is recommended .to prevent search• 
for  specified events such as cessation of spacecraft emisSions.› -'• 	• 

During extremely bad weather conditions it should be possible to drive the antenna 
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.switch) to pre nient 
inadvertent•Operation. 

Basic design of a step track system would include adjustable step size and adjust-
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, fading, or other factors. 

* Adjustment of mechanical cam followers also follows this principle. 



SECTION 7 

ERROR SOURCES 

7.1 General  

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 to antenna surface contour deformation, tropospheric bending 

of the signal wave, Faraday rotation, or fading effects.) Not all of the effects 
apply in each tracking category. 

Broadly speaking, we can divide the errors in three classes: 

a) Positional errors which result from differences between the assumed 
satellite position and the actual satellite position. 

Pointing errors which result from deviations in the ground beam 

pointing angle due to equipment or operational I imi tations. 

c) Operational errors which result from Hdeadband" allowances 

introduced to simplify certain operational procedures. 

Table 7-1 lists the error under the above classification and identifies the major 
regions of applicability. 

7.2 Positional Errors  

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

an assumed simplified satellite motion and the actual motion, and primarily applies 

to programmed tracking systems. 

We recall from Section 4 that north-south satellite motions result primarily from orbital 

tilt  (±2.00  nominal) while east-west motions result from three sources: 

) 	orbital tilt (± 0.018° ) 

7.1  



This contribution can be reduced if 

auto-tracking is continuous. 

Step Track  only  

TABLE 7 

OM' 	MUM MOM 11111111 . 	MUM MOM 0.111-. MOM MI IMMI MS MUM MIR MR MI IMO OEM 

• CLASSIFICATION OF ERRORS IN ANTENNA TRACKING SYSTE21 	 • 

CLASS 	DESCRIPTION 	 APPLICABILITY 	NOTE 

Positional 	Deviation in satellite position 	Programmed Track 
from that predicted 

Pointing 	Antenna Distortion Due to Wind 	Manual Track. 
Programmed Track 
Auto Track • • 

Measurement Errors 

Programming Errors 

Wind, Noise and Fading 
(Step Track) 

Operational 	Deadband 

Manual Track 

Trogrammed Track 

Auto Track 

Manual Track 	Depends on correction interval, 
Auto. Track 	• Hysteresis effect. 



7.3 

1 

1 

1 

1 

1 

1 

1 

1 

1 

1 

b) triaxiality (± 0.025°) 

c) solar pressure 	0.146°) 

d) others (+- 0:011° ) 

each with its own time frame of reference. 

North-south CTS motion is mainly sinusoidal. We shall, however, assume that 
a small contribution due to "other" motions is also present. * An allowance 
of ± 0.0100  will be introduced to account for the variations from a sinusoid. 

Programmed tracking along the line of track (following north-south satellite 
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. 
Ignoring 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 increased by 10% to 
yield the observed limit (See Figure 4-11). 

Any attempt to develop an equation precisely describing motion perpendicular 
to the tracking line (following east-west motions), or to shape a "cam" so that 
a mechanical follower can reproduce the motion, would be extremely difficult, 
if not impossible. A more reasonable procedure would be to follow the motion 
of the greatest contribution (solar pressure) and to accept the motions of the 
others as "errors". Assuming that the motion due to solar pressure is sinusoidal, 
then a tracking reference signal can be developed  fo  follow its contribution. 
The remaining deviations a fter removal of the solar pressure contribution 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 track along the tracking line only, the positional error perpendicular 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 gravitational effects and also the fact that satellite motions are in 
fact described on the surface of a sphere, rather than on a plane. Changes 
in observational angles are also included here. 



Position Error (Observed)± 0.012 - • 0.061 

7.4 

POSITIONAL ERROR DERIVATIONS. 

. CONTRIBUTION 	' 	DEVIATION (DEGREES) 
AT LIMITS 	ALONG LINE OF TRACK  TERPENDICULAR TO LINE OF TRACK  • NOTE 

Solar Pressure 	0 	- 0.146 

Triaxiality' 	0 	- .0.025 	- 

• 
Orbital: Tilt 	-.2.000, 	• 	- + 0018 

Others 	. 	- 0.010 	7 0..010. 	: 

± 2.010 	- 
+ 

0.199 	. 

Ideal TracÉing Range 	- • 2.000 	- 0.146 	2 

Position Error (Actual) ±.0.010 	- • 0.053 

NOTES:. 	(1)  "Others" are estimated to be :17 .0.0100  in - bdth.directionsi 

(2) Assuming ideal traCking mechanisms. • 	. 

(3) As observed from Ottawa. This .is about .  15% higher than. 
the actual error. 

TABLE 7' - 2 



7.3 Pointing Errors 

Such errors arise from 

a) basic antenna distortion due to wind 

b) measurement errors in manual tracking 

c) programming errors in programmed tracking 

d) step track errors due to wind and noise and fading 

The effective magnitude of the contribution from these sources depends upon the 
fracking system under consideration. For example, if a program tracking system 
is in use, wind errOrs are quite prominent, but noise errors are not infroduced. 
For cone-scan systems, wind errors may be relatively small (compared 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 that, since sampling and corrections 
are intermittent, wind effects are significant. 

•7.4 Basic Antenna Distortions Due to Wind  

The effect of wind is to generate forces which tend to deform the antenna and 
mount structure or, because of unequal wind forces arising from the peculiar 
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 concept shown in 
Figure 7-1. The values resulting from this assessment are given in the appropri-
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 lines suggested by the format. 

Values for the other antenna diameters in Table 7-3 are scaled from the 10' base-
line under the assumption that; 	 •  

a) the rigidity of smaller antennas is less so that the deformities may 
be considered 'equal. 

7.5  
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-REFLECTOR  
Bending Due to Wind and Gravity 0.010 0.010 0.025 0.025 0.020 0.020 0.025 0.025  

- - 	0.006 0.006 0.003 0.003 0.003 0.003 
- 	- 	0.012 	- 	0.006 	- 	0.006 	- 

- - 	- 	- 	0.004 	- 	0.004 	- 
- - 	- 	- 	0.004 	- 	0.004 	- 

- 	0.018 0.006 0.017 0.003 0.017 0.003 

5 

TABLE 7-3 (Continued on Page 7-8)  

I 11111 IM MI 	IMO MI Mill 	_ 	 IBM MI Mall 	 MI MI Mall 

PRELIMINARY ANTENNA DEFORMATION BUDGET (SHEET 1) 	• 	, 
• 

Angular Déformation (Degrees) 	_  
Displace-- Lever ',2 Foot Ant... 4 Foot Ant. 	8 Foot Ant. 	10 Foot Ant. 1\lcites  
ment 	Arm 	AZ: 	El 	Az  •. El 	AZ 	El. 	Az 	El 
-(In) 	(In) 

Sub-Total 	 0.010 0.010 0.025 0.025 0.020 0.020 0.025 0.025  

ELEVATION  
Effect of Ring Twist 	

S 	_ 	- 	- 	0.015 0.015 0.010 0.010 0.010 0.010 
Ring Support Differential Error 	- 	- 	- 	- 	- 	- 	0.005 0.005 0.005 0.005 
Nain  Bearing 	 0.001 	20 	- 	- 	0.006 0.006 0.003 0.003 0.003 0.003 	3 
(2) Linkage Bearing 	0.001 	20 	- 	- 	- 	0.012 	- 	0.006 	- 	0.006 	3 
Linkage Expansion -Temperature(Ita..10F) 	- 	- 	- 	- 	- 	- 	- 	0.004 	- 	0.004 	5 

Linkage Expansion - Pressure (aP=1000#) 	0.001 	20 	- 	- 	- 	- 	- 	0.004 	- 	0.004 	5 

Sub-Total 	 - 	- 	0.021 0.033 0.018 0.032 0.018 0.032 

TRACKING  
Elevation Housing Bending 
Main Bearing 
Tracking Housin&lending 
Shaft Bending 

Sub-Total 

	

0.002 	40 	- 	- 	0.024 	- 	0.006 	- 	0.006 	- 

	

0.001 	20 	- 	- 	0.006 0.006 0.003 0.003 0.003 0.003 

	

0.001 	10 	- 	- 	0.012 0.012 0.012 0.012 0.012 0.012 

	

0.002 	30 	- 	0.004 0.004 0.004 0.004 0.004 0.004  

- 	0.046 0.022 0.025 0.019 0.025 0.019 

AZIMUTH 	• 	 • 
- 	Main'Bearing 	,'0.001 	.20. 

. 	(2)'  Linkage' Beating 	0,001 	-20 
Linkage Expansion-Temperature (NT=10 °F) 
Linkage  Expansion-Pressure (4P=1,000#) . - 

Sub7-Total 	- 



SUPPORTING STRUCTURE  
Corner Twisting 
Wall Deformation 

Sub-Total 

I MI UM11 MIR 11111111 	 WM 	_ 111.11 11111111 MI MU 11.11111 111111111 MI AIM NM 111•1 

. 	 . , 
REFLECTOR ANTENNA DEFORMATION BUDGET -(SHEET 2)  (Continued) - 	.. 	. 

- . 	 . , 
, . -Angular DeforMation -  (Degrees)  • 	, 	 _ 	.: 	•i 

Displace-  Lever .. 2 Foot Ant. 4-Foot:. Ant. . 8.  Foot Ant, '' 10-Foot-Ant. :Notes  
ment - . .ArM 	. Az 	El 	Ag 	ElAZ> . 	El 	A : - 	El 	. 

- 	- 	Z 
. 	(In) : - 	.(In) 	. 	. 	 - 

nnn .1•nn 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 

TOTAL DEFORMATION 	 0.110 0.110 0.110 0.088 0.107 0.101 0.112 	0.106  

1. Tracking Axis Assumed Horizontal 

2. See Figure 7-1 for Concept of Mount 

3. Lever Arm 10" for 4 Foot Antenna 

4. Coefficient of Thermal Expansion: 6.22 x 10-6  (Steel) 12.78 x 10-6  (Aluminum) 

5. Young's Modulus : 30 x 10 6  (Steel) ) 10 x 10 6  (Aluminum) = WA. 
6. 4 Foot Antenna assumed relatively light construction for portability. 



b) the 2' diameter antenna has no tracking axis 

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

7.5 Measurement Errors in Manual Tracking  

In manual tracking, the operator adjusts the antenna pointing 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°/0 change in the reading. Assuming that we can read (on a 
relative basis) a 1.0% change in meter reading, then the uncertainty in power 
reading is 0.1 dB. The uncertainty in antenna beamwidth resulting from this 
is a function of antenna diameter. Table 7-4 lists the appropriate alignment 
errors. 

7.6 Programming Errors in Programmed Tracking  

We consider tracking equations for an observed elliptical satellite 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 displacement« ,  and elevation angle displacement 
AE are 

7.9  

= A  Sin  ,9 Cos 	B Cos 9 Sin (fs  

= A Cos 9 Cos (P +B Sin 9 Sin" ({) 

Where 
A = amplitude of observed major axis travel 

B = amplitude of observed minor axis travel 

= orientation angle of el ipse 

f= regular angle postion of satellite  from starting point (See Figure 7-2) 

The values  of/\H andLE can be calculated easily when the values of A, 
B and e are laiown (from a computer program) for the location. For any location 
the.values of A Cos 9, A Sin 9, B Cos 9 and B Sin 9 would not change:signifi-
cantly except 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 achieved using a similar method to that of 
Figure 5-4. 



1% MEASUREMENT UNCERTAINTY 
(DEGREES) 

NOMINAL 
DIAMETER 
(FEET)  

2 

4 

8 

10 

-• 0.270 

-• 0.133 

-• 0.068 

- • 0.054 

'MANUAL ALIGNMENT ERRORS  

( MANUAL TRACKING ) 

7. 1 Q 

TABLE 7 - 4 



* 
•Ç'' (1 

Locai  Horizon  • 

-GEOMEiRrOF OBSERVED ELLIPTICAL SATELLITE PATH  

FIGURE 7-.2 



If we choose to provide two axis tracking vvhereby the antenna moves along the 

tracking  lune and in azimuth, then the equations  are  

= 	B  	Sin ( 

CoS .  9 

= angle measured along the tracking line. 

The pointing accuracy achievable by programmed tracking is dependent upon the 
accuracy with which the azimuth and elevation angles can be determined, or the 
accuracy with which the analogues of these angles can be generated, the accur- 
acy and resolution capability of the position transmitter and receiver, and the 

accuracy,  of its comparator. Through conservative design techniques it is possible 

to design a low compliance positioner and structure so that the error due to wind 

us a small portion of the total error. Table 7-5 summarizes the estimated errors 
from an analysis of the source. 

7-7 Step Track Error Sources  

The most significant sources of errors with step track are disturbance torques due 

to wind gusts, variations in signal to noise and signal fading. All of these result 

in transient changes to AGC levels which must be discriminated against by the 

step track control electronics. Operation in 30 mph‘winds  us  required 

Step track has already been tested on large antennas. * By comparing the 1 dB 
beam angles for smaller antennas with that tested, and scaling for frequency, 
we see that the tracking accuracy does not have to be as good, larger deflections 

due to wind are permissible and step sizes can be made relatively larger. 

With respect to step size, a recent paper ** suggests that the beamwidih between 

the 3 dB down points be divided into 10 steps to establish step size. This will be 
the • procedure followed for our study. Since 

= 0.56 °  

the step size may be taken to be 



.ERRORS IN PROGRAMMED TRACKING MECHANISMS  

:ERROR TABLE  

Sèrvii POtentiometer. 

5ine7Cosihe Potentiometer 

:Regulated Voltage Source 

Voltage,Comparator 

Comparator SwitOil Hysteresis 

Actuator Overtravel 

Error in :A-  (ellipse major axis). 

Error in B (ellipse minor axis) 

Br.ror -  in 0 

Error in  

TOLERANCE 

-• 0.1% 

± 0 • 5% 

± 0.1% 

-• 0.1% 

Equiv. to steps of 

- .• 0 

-• 0.5% 

-• 0.5% 

+ - 0.50  

Negligible 

EST.EFFECT.  

. .03°. 

..013 

.002' 

+ - 
- .002 

.03° 

 .0 
+ 	- 
- 1 

.013

•  .013 ' 

4; 
.02 

Negligibie 

 .± 

* not additive to Hysteresis error. 

TABLE  7-  



Effect of Wind 

Wind torque deflections depend on the wind direction and velocity. We are 

primarily concerned with the difference between average wind velocity and 

peak velocity because this determines the change in antenna pointing in a 

short time interval. AGC voltage is sampled immediately before the step and 

then with a short delay after the step. The voltage is averaged or integrated 
over a short time period to filter out short term signal-to-noise changes. If 
the wind deflection angle is small relative to the stepping angle then the 'proba-
bility of an error due to the vvind is small. This demonstrates the importance of 
ensuring that the antenna positioner and pedestal have low compliance (high 
rigidity). 

For a 30 m.p.h. change in wind velocity the change in wind torques for a typi-
cal 10 foot antenna dish is 230 lbs. ft.* We vvill assume that the maximum per-
mitted deflection due to wind is less than a step increment ( 1/10 of the 3 dB 
beamwidths) that a wind deflection can be no greater than 0.056° . On this 
basis the compliance of the antenna pedestal must be 

The wind deflection 9 

7-9 Effect of Signal to Noise 

With respect to noise, an analysis of the tracking accuracy due to noise >alone ** 
indicates that in an environment of 3 dB CNR, and where there are 10 steps be-
tween the 3 dB points, the 0.01% probability of error due to noise is 0.35 X 3 dB 
beamwidth, or 0.1 0  for a 10 foot antenna. For a CNR of 10 dB, we have esti-
mated that the pointing error e n  is 

° n = 

and we use this value in our analysis. 

* Data obtaided from Scientific Atlanta 

** See Appendix D 



7-10 Effect of Fadin! 

Now, the effect of fading is interpreted by the step track decision circuitry as a 
pointing error. This arises because of the time difference between the "before 
the step" reading and the "after the step" reading so that in the presence of a 
fade, a difference in signal level will be erroneously interpreted as resulting from 
the step itself. 

To obtain a rough indication of magnitude, we have examined a chart recording 
of a typical 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 total 
of about 10 or 12 seconds during this interval (about 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 at 12 GHz, or about 0.4 dB, in a measuring interval of about 1 second. 

• Figure 7-3 relates antenna loss as a function of the relative 3 dB beamwidth. For 
a . 10 foot antennèu, from Figure ,3"3 

3 

• therefore -, from Figure 7-3, a 0.4 dB reductién in signal level results in a equi-
« valent fading angle of 

exceeded less than 0.01% of the time. 

7-11 Addition of Pointing Errors  

We assume that the errors are gaussian random variables and independent. They 
all conspire to contribute errors by the logic decision circuits therefore we can 
add them on an RSS basis. 

See Reference 4. The necessary statistics for fading rates do not appear to be 
too available in the form necessary for our purposes. We have therefore chosen 
this admittedly crude procedure to obtain an indicétion of the effect. • 

(This level is constant with typical integrating times). (This level is crinstcht with typical integrating times). 
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10.050 1 2  + 	10.05 0.11°12  I 2 

0.05°12  10.050 12  + 10.05591 2  19  

The  t6411.POinting'erroris:therefgre. 

7.17 

2 

from which 

p 

exceeded less than 0.01% of the time. 

Since fadiheis the greatest source, steps should be taken to reduce its effect.' Thus 
the logic circuits should contain a feature to inhibit the decision making process 
during a fade (identifiable by gain AGC changes in the absence of wind gusts or 
antenna motions) so that the ± 0.11 °  contribution can be reduced. We feel that n 
this component can be decreased by at least 503'o  so that typically an achievable 
value  is  

*0.13°  

Op = 	0.0899 total 

exceeded lesi than 0.01% of the time. These values are scaled for other antenna 
diameters and are listed in Table 7-6. 

Deadband Errors  

In manual tracking, we must periodically reLestablish antenna pointing to compensate 
for continuous satellite motion. Since correction is periodic, errors will accrue 
during the time interval between adjustments. These errors will be functions of 
satellite angular velocity, antenna diameter, and frequency of adjustment. 

In Section 4, we have determined that the maximum angular velocity of the satellite 
is 0.2°  along the tracking axis in 10.4 minutes, occurring when the satellite 
crosses the equatorial plane. Thus, if th minimum readjustment interval is 10.4 
minutes, then the loss.of antenna gain would correspond to that value relatd to 
±  0 .1 °  offset for a giVen antenna diameter. 



NOMINAL DIAMETER 
(Fée)  

TOTAL TRAÇKING ERROR' 
(± Degrees) 

•Mil MI Mill MIR . 	 011111 INIM 	OM MI UM 11111111 	11111 11111111 11111111 

TRACKING .ERRORS,  

2 	 0.444 

4 	 0.222 

8 	 0.111 

10 	 0.089 

NOTE: Tracking errors estimated for a 10' diameter parabolic antenna (see text) 
and are scaled for other diameters. 

TABLE 776 



Earlier, vve have noted that a basic uncertainty in measurernent exists. For 
practical purposes, we can assume that a decidband allowance of at least equal 

this value must be permitted. Table 7-7 relates the deadband allowance to 

antenna size and gives the minimum interval between readjustments to correct 

for it. 

In auto-track systems, deadband may be considered as a hysteresis type of 

action in which the corrective motion of the antenna begins when the measured 

error exceeds some value, say E 1 , and continues until this error reduces to a 
smaller value, say 6 2 . (basic tracking error). Deadband 9 D  as  thus 

É - 
1 	2 

Typically, deadband in auto-track systems is smaller than that in manual system.. 

A deadband error of about the value of tracking error is a reasonable starting 

point. Assuming that the estimated tracking errors of Table 7.6 apply, then 

deadband errors for tracking systems may be determined. These allowances are 

also given in Table 7-7. 

Auto-track deadband is normally applied to monopulse or conical scan systems. 

However, in step-track systems,  if  is included in the basic tracking error result-

ing from the decision errors and therefore does not appear as a separate entry. 

9 D 



DEADBAND ALLOWANCE :  

MN "MI 

DEADBAND ERRORS  

•NOMINAL  • DIAMETER 

MI BM • ill MI IBM 

±0.540 . 

1- 0.266 

1 0.136 

± 0.108 

• ±0.222 

 - 0.111 

MANUAL TRACKING 
(DEGREES) 

AUTO- TRACKING 
(DEGREES) 



SECTION 8 

TOTAL SYSTEM LOSSES  

Total system angular errors are tabulated in Table 8-1 for the various 
tracking schemes. We include only the case of step track under the 
Auto--track Category. We may make these basic comments. 

Combining Error Contributions Along Orthogonal Axes  

The follOwing rules are used to combine error contributions.cilong 
orthogonal axes: 

Pointing errors are aisumed to be random and uncorrelated. 
They are assumed to be related by 

Ge) 

error along x axis 

,maximum error along x axis 

error along y axis 

maximum error along y axis 

The maximum error is then obtained by; 

Measurement errors are assumed to be established separately 
for each axis, and once established, are fixed (for a given 

rneasurement). ,  Their maximum magnitudes are considered to 

be obtained by adding the errors on an RSS basis. 

Deadband errors are assumed to be established separately for 
each axis and are therefore combined on an RSS basis. 



MOTION -  RELATIVE TO 
TRACKING LINE 

•MANUAL 
- Pointing Errors 
- Measurement Error 
- Deadband Errors

•  TOTAL 
PROGRAMMED (ONE-AXIS) 

- Positional Errors 
• - Pointing Errors 

- • Programming Error 

TOTAL 

(TWO-AXIS) 
- Positional Errors 
- Pointing Errors 
- Programming Error 

TOTAL 

•ST EP-TRA CK 
- Pointing Errors 
-• Tracking Errors 

TOTAL 

REF. 

TABLE 

7-3 
7-4 
7-7 

7-6 

TABLE 8-1 

81111 	11311 	11.11 	1111111 	111111 	11.11 

ESTIAAATE OFI ANGULAR ERRORS  

SYSTEM 	 ANGULAR ERRORS  (± DEGREES) 

11•111 11•11 

2 ..ft.- Antenna., 4 ft.- Antenna - 8 ft. Antenna 10 ft .. Antenna 
Along 	Across maxi- 	Along 	Across 	Maxi- Along 	Across 	Maxi- 	Along 	Across 	Maxi- 

mum 	 mum 	 Mum 	 mum 

0.110 	0.110 	0.110 	0.110 	0.088 	0.098 	0.107 	0.101 	0.104 	0.112 	0.106 	0.105 
0.270 	0.270 	0.382 	0.133 	0.133 	0.188 	0.068 	0.068 	0.096 	0.054 	0.054 	0.077 
0.270 	0.270 	0.382 	0.133 	0.133 	0.188 	0.068 	0.068 	0.096 	0.054 	0.054 	0.077 
0.650 	0.650 	0.874 	0.376 	0.354 	0.474 	0.243 	0.237 	0.296 	0.220 	0.216 	0.263 

0.012 	0.229 	0.230 	0.01 2 	0.229 	0.230 	0.012 	0.229 	0.230 	0.012 	0.229 	0.230 
0.110 	0.110 	0.110 	0.110 	0.088 	0.098 	0.107 	0.101 	0.104 	0.112 	0.106 	0.109 
0.143 	- 	0.143 	0.143 	- 	0.143 	0.143 	- 	0.143 	0.143 	- 	0.143 
0.265 	0.339 	0.483 	0.265 	0.317 	0.471 	0.262 	0.330 	0.477 	0.267 	0.335 	0.382 

0.012 	0.061 	0.062 	0.012 	0.061 	0.062 	0.012 	0.061 	0.062 	0.012 	0.061 	0.062 
0.110 	0.110 	0.110 	0.110 	0.088 	0.098 	0.107 	0.101 	0.104 	0.112 	0.106 	0.109 
0.143 	0.143 	0.202 	0.143 	0.143 	0.202 	0.143 	0.143 	0.202 	0.143 	0.143 	0.202 
O. 265 	1 	0. 	1•Wegallt•Weilltœ1111•1 	• 	.7 	0. II 	0.373 - 

0.110 	0.110 	0.110 	0.110 	0.088 	0.098 	0.107 	0.101 	0.104 	0.112 	0.106 	0.109 
0.444 	0.444 	0.444 	0.222 	0.222 	0.222 	0.111 	0.11 	0 111 	0.089 	0 089 	0 089 
0.554 	0.554 	0.554 	0.332 	0.310 	0.320 	0.218 	0.212 	0.215 	0.201 	0.195 	0.198 

. 7-2 
7-3 
7-5 

7-2 
7.73 
7-5 

NOTES 	(1) See Table 3.1 for antenna usage 
(2) Estimates based on antenna concepts similar to that of 

Figure 7.1. 
(3) Angular errors eXceeded 0.01% of the tirne. 



8.3 

Programming errors are assumed to be established separately for 

each  axis and are therefore combined on a RSS basis. 

Tracking errors (Auto-track) are assumed to be random uncorrelated 
and equi-valuèd between axes. Their magnitudes are therefore 
considered constant along any radial vector. 

The colurnn headed "maximum" in Table 8-1 is obtained by adding the 
orthogonal error contributions (under column headings "along" and 
"acrass",in accordance wuth these rules). 

8.3 	Manual Tracking Total Angular Errors  

Manual tracking angular errors include these primary sources: 

Pointing errors frorn the fact that, once the boresight has been 
manually established, with  the  limits of (b) below, wind farces 

can distort the structurè. (See Table 7-3) 

Measurement errors resulting from the inability of the operator to 
accurately read .peak AGC ,response, in the presence of noise, fading, 
and meterresplution (see Table 7-4).  

Allowance for deadband gain loss between antenna pointing 
adjustments (see Table 7-6). 

We assume these contributions are added on a peak basis noting that only 
the positional errors are random variable with tirne. Deadband allowances 
being deliberate, is fiXed while 'Positional errors are random with setting 
Up procedures. 

Note that the positional errors are identical, for both along and cicross the 

tracking line, on the assumption that . the  antenna beam is circular. 

8.4 	Programmed Track Total Angular Errors  

In programmed trcicking, errors result from; 

Satellite positional emirs (seè Table 7-2) 

b) 	Pointing errors (see Table 7-3) 

prograrnming errors (Table 7-5). 



8.6 

Maximum error contributions are added on a peak basis. 

If a one-axis tracking scheme is used, then satellite positional eri-ors 
across the line-of-track are greatly increased (see Sec. 7.2) but the 
errors could be reduced by manual offset adjustments. For a two-axis 
tracking system, errors across the line-of-track are reduced but basic 
tracking errors are increased. It may be seen that one effect partly 
compensates for the other. 

For antennas with diameters of the order of 8 to 10 feet tracking errors 
are excessive and so there appears to be little benefit in programmed 
tracking for these categories, unless error estimates are unduly pessimistic. 

Step-Track Total Angular Errors  

Values in the tables are appropriate for a step-track system. In any 
auto-track, satellite positional errors are not significant, and for 
step-track no deadband need be 'Provided. We have contributions from; 

a) 	Antenna deformation (See Table 7-3) 

b) 	Tracking error (see Sec. 7-7) 

We inchide, for step track, the total wind effect since correCtions only 
take place at specific step intervals.* 

Again, contributions are added on a peak basis. 

Antenna Gain Losses due to Angular Errors  

The relationship between the antenna beamwidth and the antenna diameter 
has been given earlier in Figures 3-3 and 3-4 respectively. The effect of 
angular errors is to reduce the basic beamwidth to the effective beamwidth 

where effective beamwidth is defined as the angular separatiorb between 
points on the antenna response curve corresponding to a defined gain 
reduction when the antenna's pointing error is included. 

In a cone-scan, or monopulse system, corrections can take place at any 
time. Thus better average performance may be expected. 



1 

1 
1 
1 

8.5 

8.6 	(Cont'd) 

Therefore, 

= 9
B 

- 21Z9i1 

where; 

= effective beamwidth 

9 B  = basic beamwidth 

O• 	= sum of all the angular errors appropriate to 
the system under consideration. 

Figures 8-1 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°, +0.100  and +0.15° respectively. 

They are prepared from Figures 3-3 and 3-4 by subtracting tracking 
errors from basic beamwidths. 

Using these figures, Figures 3-3 and 3-4, and Table 8-1*, we can determine 
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 respectively. The tabulated 
losses are those which should be used in system's calculations to allow for 
losses due to tracking that are not exceeded 99.99% of the time. 

1 

1 

We interpolate between the curves where necessary. 1 

1 
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EFFECTIVE TRACKING LOSS AT 12 GHz 

Tracking System 2 Ft ,  Antenna 4 Ft._ Antenna - 8 Ft. Antenna 10 Ft. Antenna 

	

Maximum 	Tracking 

	

Error  .. 	', Loss 

	

(Degrees) 	(dB) 

Maximum 	Tracking 

Error 	Loss 

(Degrees) 	(dB) 

Maximum 	Tracking 

Error 	Loss 

(Degrees) 	(dB) 

Maximum 	Tracking 

Error 	Loss 

(Degrees) 	(dB)' 

Manual 

Programmed 
One-Axis 

Two-Axis 

Step-Track 

± 0.874 

±0483  

±0.374 	<0.5 

±0.554 . 

+ 0.474 

±0.471  

- 0.312 

±0.320  

- 0.296 

±0.477  

- 0.368 

'±02.15  

2.1 

>3.0 

3.0 

1.2 

2.7 - 0.263 

.1.6 ±0198  

±0.382'  > 3.0 

0.373 	>3.0 

1.5 

1.5 

0.6 

0.7 

1.4 

<0.5:  

ESTIMATED TRACKING LOSS AT 12 GHZ  

NOTE: Tracking Loss exceeded 0.01% of the time. 



EFFECTIVE TRACKING LOSS AT 14 GHz 

2 Ft. Antenna 	 4 Ft. Antenna 8 Ft. Antenna :10 Ft. Antenna 

Maximum 	Tracking 	Maximum 	Tracking 

Error 	Loss 	Error 	Loss 

(Degrees) 	(dB) 	(Degrees) 	(dB) 

± 0.874 	1.7 	- 0.474 	1.8 

± 0.483 	0.6 	± 0.471 	1.8 

	

± 0.374 <0.5 	± 0.312 	0.8 

± 0.554 	1_.4 	1-  0.320 	0.9 

Maximum 	Tracking 
Error 	Loss 

(Degrees) 	(dB) 

-• 0.296 	2.9 

-• 0.477 >3.0 

0.368  >3.0  

-• 0.215 

Maximum 	Tracking 
Error 	Loss 

(Degrees) 	(dB) 

- 0.263 

± 0.382 	>3.0 

± 0.372 	>3.0 

-

~~ 

0:1.98 • 

• Manual 

Programmed 
One-Axis 

Two-Axis 

Step+Track 1.6 

>3.0 

2.0 

Tracking System 

ESTIMATED TRACKING LOSS AT 14 GHZ:  

NOTE: Tracking Loss exceeded 0.01% of the time 

TABLE 8-3 



I .  S ECTI ON 9  

DEVEL.OPIV1ENT COST  • ESTIMATES  

9 -  1 General  

A breakdown:of the equipment and engineering costs required for the variaus CTS 
terininals, with the exception of  the  Ottawa Control Station, is shown in Table 9-1. 
The breakdown is ptirely arbitrary, but does serve to compare the complexity and 
costs•of the different approaches. The cost estimates are based on our judgement 
of complexity,ipossible "off-the-shelf" availability and an attempt to estimate 
develapMent effort. A more acCurate estimate would require preparcition of 

detailed specifiCations and detailed planning of design, Manufacturing  and  pro-
curement tasId and is beyOnd the scOpe of this study. The following general coni- 
mentS apply to the  table  entries  and  provide sonie understanding of our selection 
Of antenna and tracking options. 

9. I 

9- 2 Radio Receive and 2-Wcy Voice Terminal Antenna Development Costs  

• 	 Both terminals are simple, * the first has fixed pointing and the second requires 
manual tracking. 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 this effort is recommended because of potential 
large quantity requirements. 

I 	9-3 TV Receive Only Antenna Development Costs  

These terminals are also likely to be required in quantity and this is a significant 
factor in selecting the preferred tracking methods. Single Axis Program Tracking 
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 positioner head should be easily reducable on a production 

basis. 

* We refer to the antenna, tracking and mount requirements only. 
The electronics for 2-way,  voice terminais is rather complex. 



Item 

TV Receive 

Comments 

Mobile Terminal 

Source of Estimate 

Radio 	2-way 

Receive 	Voice 

Basic Antenna,„moimt & drive 

*Optianal instead of Item 6 

MUM UM 	 1111181111111111111 111111 	IIIIIII MOIR 11•111 	• Ma 

9.2 

ESTIMATED ANTENNA AND TRACKING SYSTEM DEVELOPMENT COSTS (DOLLARS)  

Two-Axis 	Step 	Manual 	Two-Axis 	Step 

Programmed Track 	Track 	Programmed 	Track 

Cone . 

Scan 

1 Pedestal Base 
r 2 Positioner Head 

3 Pos. Synchros 

4 Pos. Linear Pot. 
5 Comparators & Drivers 
6 Pos. Ind. Unit 
7 Error Detector 

8 Logic Electronics 

9 Sidereal Clock 

10 Sine-Cos Pots 
; 11: 'Reg. Pur Supply 

12 Bias Pots 

13 Digital Pas.  Ind. 

. 14 Motor Relays 

, 15 Linear Actucrtors 

16 Drive Motor 

17 -Gear Box 

18 Corn 

19 Feed 

20 Reflector 

' 21 Manual cont. panel 
22 Tracking cont. unit 

7 .„ 

, rota' •redurring cost 

Non-rec. Engineering dey.  

Non-rec. systems & 

. 	Interface activity 

Antenna development 

• Approx total * 

	

Fixed 	Manual 	One-Axis 

	

Track 	Track 	Programmed 

	

100 	500 	1,000 

	

50 	500 	2,000  

Eng. 

	

300 	 ' 	RCA Eng. 

	

500 	 RCA Eng. 

	

300 	 300 	300 	300 	RCA Eng. 

	

50 	 RCA Eng. 
* 	 *i 	5,300 	* 	 * 	Scientific Atlanta 

	

60 	60 	60 	60 	60 	RCA Eng. 

	

200 	200 	200 	200 	200 	Saginaw Steering Gear 

RCA Eng. 

	

500 	500 	RCA Eng. 

RCA Eng. 

	

1,500 	1,500 	1,500 	1,500 	2,000 	Scientific Atlants 

	

1,500 	1,500 	1,500 	1,500 	Various 

	

1,000 	 1,000 	RCA & Scientific Atlanta 

	

1,000 	1,500 	1,500 	RCA & Scientific Atlanta 

	

1,200 	2,500 	6,085 	8,110 	18,560 

	

5,500 	•. 6,500 	15,500 	24,000 	24,000 

	

500 	1,000 	1,500 	3,000 	3,000 	1,000 

141000 	14,000 

78,560 

l 
I 

	

1,000 	1,000 	i 500 	• 500 	500 

	

2,000 	2,000 	J,000 	5,000 	5,000 

* 	1,000 	' 	 1,000 , 	1,000 

' 200 

	

500 	 500 ' 

, 	 • 

	

500 	1 000 	: 500 	 1,000  

i10,000Y 

• 300 

.500 
 300 

50 

10,0007 

1,000 
r 
7,000i 

	

500 	RCA Eng. 

	

5,000 	RCA Eng. 

	

1,000 	Scientific Atlanta 

RCA Eng. 

RCA Eng. 

RCA & Scientific Atlanta 
(*RCA Earth Station 

60 	60 

200 

.200 
 250 

75 

750 	750 	1,500 	1,500 

300 	. 	750 	1.,000 	1,040 	1,000 

10 460 	18,710 	23,060 	20,560 

24 000 	35,Ô00- 	39,006. 

5,000 

7,200 	10,000 	(,285--s\ 	35,110 	45,560 	49 1,460 	72,716 77,060 

" Reg d if Item 13 fitted 

Not req' d if Items 3 & 1 .3 

fitted 

Lower cost unit is now synchro 

*Based on costs for Telésert. 

Earth Station 

1st Unit 

	

5,000 	5,000 	 • 

	

14,000 	14,060 	Plastal. Budgetary Estirn 	' ate. For Mobile Unit Oril 

* Costs Data at Engineering Level Only. G & A, taxes 
(as applicable), and profits extra. 

TABLE 9-1 



• Two-axis Tracking is not recommended because of the rather complex installa-
tion and alignment problems. The estimated costs do not include such installa-

tion on alignment entries. 

Step-Track eliminates many of the problems of program tracking. It 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 tracking. We strongly recommend 

that a design aimed for low cost step-track systems * be developed as part of 
the CTS experimental program. 

Manual Track is not considered acceptable for the TV receive only station ex-

cept that on a purely,  experimental basis a remote control manual tracking sys-
tem could be considered. (See, in particular Sec 2.2). Costs are not given 
in the table but are estimated to be about $17,000 recurring and $7,500 non-

recurring. 

9 - 4 Mobile Terminal Antenna Development Costs 

This terminal has many practical tracking concepts for consideration. A signifi-

cant factor is the cost of development of a segmented fibreglass antenna (ref 2). 
It is possible that an already developed dismountable 10 foot reflecto r  could be 
found or a refined system analysis might indicate that an 8 foot integral antenna 

reflector- miight be suitable. The smaller antenna would also ease the tracking 

problem because of its wider beamwidth. 

The mobile terminal's engine generator set would not provide a good frequency 

reference for a synchronous motor drive. However, for short operating periods 

it rnight permit use of the simple mechanically programmed drive, with occa-
sional phasing correction 

If a very low cost scheme is desired Manual Track only can be provided. This 

would be remotely controlled manual tracking, with remote indication of 
relative antenna position, so that maintenance of the antenna on track should 

not be too difficult. 

* As noted in the preceding section, a cone-scan system using electronic 

beam switching also offers great potential. We therefore extend our 

recommendations to include cone-scan development. 

9,3 



Cone-scan is potentially a low cost tracking system, when built in production 
quantities. 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 terminals. 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 other terminals too. 

Table 9-2 has been prepared to show the costs for development of the tracking 
facility for antenna and positioner which are additional to those estimated in 
ref. 2 where a manual tracking concept was assured. 

9.4 



9.5 

I. 

1 

ESTIMATED COST OF ADDING TRACKING TO MOBILE UNIT 

(DOLLARS) 

TRACKING OPTION COSTS 

Pi  ogrammed 	Step 	Cone 
ENTRY 	 Track 	Track 	Scan 	 NOTES 

Basic Estimate 	 72,710 	77,060 	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 
Antenna available 

Plus: 
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, taxes  (as applicable) and 
profits extra. 

TABLE 9 - 2 

• 1 
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APPENDIX A  • 

Computer plots of CTS Mogons as seèn by an observer at'Ottawa (Generated-
,' at the 'CommunicationsResearch ,Center , at 'Shirley  Bay, Ontario). • 
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APPENDIX B  

STEP- TRACK CONSIDERATIONS  



STEP 'TRACK CONSIDERATIONS' 

1. Allowable Maximum Gàin Degradation; 

*.We assume that a maximum gain  :degradation:of 1:0 dB'is allowable  for• 
• 

 

the  step track System. 

2: 	Step Size 	 - 	 ' 	. 	• 	. 
. 	., 	. . 	 . , 	. . 	. 	. 	- 	• 	. . 	. . 	. 

InIsceeping with the 1.0 dB maximum allowableSain - degradatiOn,- it is 
desirable to approach thé maxima of the beam as closely  as possible 

.. when'optimizing  the  pointing direction., A'study'of Figure  Bi  indicates 
that a ±.0.04 step could.potentially locate' the beam within 0.1 dB-of' 
the maximum level.. Furthermore, at the .0.5'de-point of .the beam where 

. 

 

the Slope - ia becoming much steeper (12 dB/degree). the 0.04°  step 

	

' provides.àn easily detectable change of up to 0.5.dB/step. 	. 	. 
. 	. . 	 . ,. 	 . 	 . 

à. . Criterion for Pointing*dorrection. 	. 	' 	• 	« 	. 	. 

+ 	0 A gain degradation of 1.0 dB occurs at - 0.14 on the beam. From 
vectorial addition, it follows that the maximum pointing error for 
each axis due to the operation of the step track system should be 
limited to 0.1° . Therefore, if the beam's pointing direction is 
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 
be used directly as a criterion for the optimum hold system. (See 
Figure BI, 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 
system will not always know the correct direction to step) will result 
in a pointing error of no greater than +0.1 4-0.04 = + 0.14 °  (1.0 dB level). 

The continuous stepping system, however, has the advantage of not requiring 
the 0.4 dB criterion and this would tend to hold the worst case closer 
to 0.5 dB. 

4.. Effect of Signal Fading 

Signal fading >  if significant - (say more than one or'two tenth's of a dB) 
woUld 'result in a wrong . dècision fallowing the. integration of the AGC 
voltage. We will:first eonSider the beginning: of a fade,' For 4. step 
in the correct sense, -the.netSresult:dtie to:the.  erroneous  indication, 

• by;the algorithm, wonld'be a Step back to the original Pattern. ''For - 
à step'in the incorrect Sense;' - the fade would  show an  even watse'result 
but.Would not effect'e f wreng décision.. At worst'then, the  fade while' 
in,the , trensient state, could prevent a•signal improvement for.thecaee' 
when  the fade  begins  bloW,-during the èteady statè.portion:ofthefade 

. period,'the systeM wpùld'àimply :track in the usual 'Manner: buring the 

. fade recovery.transiént.Period, however, a , sudden inc'reaSe.if(Signal 
Ièvel'Could*obsctire a decrease In level due to a ateP in the Wrong:' 	' 
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4. 	Effect of Signal Fading..  (0ontinued). 

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 ' 
Serions, 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. 

5. 	:Wind Effetts 	. 	' • 	• 	.. 
• • 

The effeCt of wind shouldrOt be a serious problem since  the structure. 
is designed tO - limit motions to within approximately ± 0-.03° . For 	I 

. the continuous.. stepping:system it May-result in momentary Wrong 
. 

decisions which-would subsequently - be correçted. The -gain degradation 
would. • not, however, ekceed 1.0 dB: Fôr thé‘optimuin hold system, wind 
effects Would preMaturely initiate an optimization . sequence but this, 

• would not be aserious problem. . 



B. 5  

STEP TRACK SYSTEM CONTROL  . 

. 'ALGORITHM POSSIBILITIES  

Two system control algorithms are considered here: The first is thé continuous.' 
stepping system. - The second is the .optimum-hold approach which involves stepping 
only when a pointing correction is *required. The control algorithm for each . 
system is given below: 	 . . 	. . 	 . 

	

. . 	 . . 	. 
Method 1 	(COntiniadus Stepping ) 	• 	' 	'. 	- . 	. . 	. . 	. 	• 

• . . 	, 	. . 	. 	 . 
With this method, a'cycle would occur in the elevation plane 'followedby à 
.cycle in the azimuth Plane. The cycles - would repeat themselves continuouSly.' .  

1. Step in one direction (either plane). 

2. if an increase in level occurs switch to other plane. Otherwise. 
step back once and switch to the other Plane. 

• 3. Repeat atepa 1 - and 2. (Step 1 Starts with a step-in the same.  
direction as the previous .  step for the particular plane). 

. 	'NOTE: This system Could be designed such that it operates for Only 
a specific duration following a specific time interval- 

Method 2 . - (Optimum . Hold)  

With •this approach.an_optimiiation occurs in both planes following the observance 
Of a'degradatiOn  'of. lèvel of more than .0,4 dB relative.to  the signal. . 
level immediately.following.the previous optimizaticin. puring . the period between 
optimizatiOns;':the'memorY of the previous . signal level,is'updated if and  only if 
a signal  increase ocCurS. - This is to avoid fade problems. . 

. 	. 
1. Perform stéps'2..tO 4:twice. 

• 2. Step. in one direction (either plane) 
. 	. 

3. If an . increase in .leveloccurs switch to : the 'other plane. 
OtherWise step back'Onee and switCh-to the Other plane. . . 	. . 	. 

4. Repeat steps 2 and. 3. 
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' APPENDIX* C'  

CONE-SCÀN TRACKING SYSTEM- 

c. 1 



CONE-SCAN TRACKING SYSTEM 

C. 2 

1. 	Introduction  

The proposed cone-scan represents a simplification relative to the H 
cdnventional cone-Scan system. The conventional-  cong-scan system 	, 
obtains its error signal by sweeping the beam continuously  in a 
circle abciut the axis of the antenna. ,The beam thus sweeps out a' 

.cone (see Figure . Cr)which if the antenna is not pointed cOrrectlY 
will result in a varying•signal level fromwhich, the error.  signal 	-• 
iS derived. The simplifiecUsystem, however, simply scans  the  beam 
sequentially in ..two orthogonal planes. The scanning is not -continuous • 
lut'operates in discrete steps which switch among•fourdifferent 	' 
beam directions, two in each orthogonal plane. -(See Figure C21. The 
error signal in each plane of the simplified system is derived frok 
the differencein•level observed between  the two-opposing beam 
directions. 

2. 	Proposed System  

The block diagram of thepropOsed system,is shdwn in Figure C2. The, 
system centers around a mode controlled feed shown of a Cassegràin., 
antenna. Mode control is effected .  by exciting higher order  modes in • 

• the throat region of the horn by means  of four normally short tireuited 
'coupling loops. , The loops store  basic mode energy and re-radiate the 
• energy in the form of-higher Order modes. 

• 
The short circuits of the coupling loops can be isolated from the 

• ldops by bandpass filters to restrict operation of the tracking system 
• to the - tracking frequency only if a separate tracking-receiveria 	, 

• utiliÉed although use of the communications band and thus the communi-
cations receiver results in a more economical syatem. Thus with filters' 
the beam is not scanned at .the communications frequencies. 

Now, if all four loops are short cïrcuited, a symmetrical higher order 
mode results (i.e. the TMO1 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, howeVér, 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 hy 	• 
Sequentially switching . the roops into diasipatiVe terminatione by 
opening shunt connected short circuits (i . e. switching diodes). 

With reference to Figure C3,the system is seen to operate . sequentially.. 
by means of switching diodes) opening the shUnt path . to ground and 

. allowing: the RF energy to  • ass into the termination'of .  each loop in 
turn. - The switching diod e.  control unit sends asynchroniiatiOn  signal 
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• 	2. 	PropoSed'SyStem  (COntinued) 

to the resolver. The resolver will deliver one of the three 
following signals to each axis following each scan. 

4- 1 north correction (or west 

- 1 south correction (or east) 

0 no correction 

3. Scan Rate  

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

4. 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*beam is scanned. A value càn be chosen on the basis of 
choosing a point on the pattern where the slope is becomïng reasonably 
linear. On this basià, a value'of ± 0.089 iS chosen. This angle occurs 
approximatély at.the -0.4 dB level. (See Figure C4). 

5. 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  

Antotracking  of Communications Satellites by the stép7track  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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: AuTol; 1 .1 A CKING. OF COMMUNICATION SATELLITES BY THE 

STEP-TIZACK, TECHNIQUE - 	 . 

N. N. Tom 

1. .Introduction.  The* lack of high angular dynamics in Modern communication 
satellites offers the potential for a significant decrease in comp>  lexity of the earth 
station autotracking 'system.. A scherne is presented herein which permits  the 
exclusion  of tracking feeds and multiple receiver channels in satellite earth sta-
tions,  at  the expense of a typically small increase in pointing error. 

Conventional autotracking systems basically. consist of closed feedback 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 
‘vhere the only purpose of the tracking system is to maintain the operational gain 
of the antenna. 

The desire for a simPler tracking syste m.  led to the development of Corn-
putrack. ( 1) The operation of'Computrack is similar to the operation of manual 
traclçing in which the peak . of the antenna ben.m is sought instead of the null of the 
erroipattern except that a small  computer  is used .to perform the functions of the 
operator. The experimental results of Computrack demonstrated conceptual • 
credibility of the peak seeking technique. 

Step-Track is a further simplification of the Computrael; scheme. The scheme 
presented is 'especially applicable for low-cost satellite communication receive-
only stations, such as for future domestié TV distribution systems. 

This paper discusses the general operating philosophy and the implementation 

	

of the Step-Track scheme. The performance of the Step-Trac k  technique is also 	• 
analyzed.• 	. 

• 	 , 

.2. .Step-Track Concept. The operation of the Step-Track system is quite simple. 
After .signal acquisition, the antenna is commanded to make an initial angular 
move. By cemparing 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 cen-
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 rate. Although the small amplitude modulation  may  

N. N. Tom is with Philco-Ford Corporation, Western Development Laboratories 
Division, Palo Alto, California. 



122 

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, thià scheme is  more  applicable to. receive-only stations. While 
the Step-Track has these limitations, it constitutes What might be .considerecl the 

. ultimate In simplicity: • • • 	 •• 

3. Implementation..  The simplicity .of the Step-Track system can be seen:by the 
.general block diagram shown in Figure 1. This system only requires a Signal 
strength detector; à .decision circuit with associated timing generator, and stepper-
mo'tors. 	 . 

. The de  voltage into the deCision circuit, represCnting the received signal level, 
cotild come from any demodulator equipped.with AGC or S-mèter 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 two samples  are  .corn-
.pared. The logic modules take the output of the conum rator, tOgijther with the 
knowledge of the prévious move, and generate new  commands for the stepper- 

• motors for the next move. 

The. timing generator can Simply be an oscillator with a count down network 
which . provides four output-lines. The timing pulses appear sequentially from 
line 1: to'line 4. With this timing arrangement, the sequence of operation is  as  
follows: 

• • 
-1. Sample with SamplejHold , Module  Ill 

2. Move X-axis 	 • 
• 

3. Sample with Sample/Hold Module 112 

4. Move 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. 

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

To simplify the analyses, it can be assumed that each antenna axis is inde-
pendent 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 
stationary probabilities of given antenna offsets, and 
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. ) = probability of erroneous detection after the satellite 1+1 ohas moved from . t 0
1+1 

where pe  

(1) 

( 2.) 

1 
1 

3. Calculation of  the  correSponding 'antenna gain - loss, 
• 

• - 
.As an algebraic conVenience, the analysis is separated into two situations: 

•(1) à stationar satellite and (2) a moving satellite. 

'4.1 Stationary Satellite Tracking.  The simplest case, which -  can be considered , . 
is.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 Ao 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' 
A0 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 specific angle  may  be denoted ... , 	00, oi , 02, ...  etc.,  . 
where Oi is  an angle which is iA0 angular distance,from the peak. With the diScrete 
angles so designated , . the tracicing model is analogous to a random walk problem - 
in whieh the antenna is .  stationary and the satellite moves from one discrete point 
to another. The interpretatien Of the random walk is such that if the decision•
circuit detects the satellite wallcing up the slope of the beam pattern (received 
signal level increasing), the walk continues to be in the *same direction. Other :- 
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 Oi -  and  0_1 •  When the received . signal is 
perturbed by  noise,  there is .  a.finite probability that an erroneous .detection would 
be made. In this case, ..the satellite would be walking further clown the slepe. 

1 
1 
1 
1 

1 
1 

1 

The probability Of an erroneous detection can be solved in the same manner 
as in determining the error .rate for deinodulating an amplitude modulated digital 
*signal. Assuming that the norMalized antenna, voltage gain pattern is guassian 
in shape and assuming square law' detection, it çambe shoWn that the probability 
of an erreneous detection is given bY: 

2 oo 

- 	

_x 1 	e 	cbc P (o * -->  e  

(S/N) p(o i) - G(o i+i)] •  

2 1.2-  jb/BIF  [1+ S/N (C4(0.) + G(0 1+1)1 1/2  

where S/N 	= input signal-to-noise ratio in the IF bandwidth when the 
satellite is at the peak of the beam. 

G(0 1) = normalized power gain of the antenna at 0. 

= exP [ -2 . 77  (0 1/0hp) 2 ] 

= post-detection low-pass filter bandwidth 

B
IF 	

= IF bandvvidth 

• 01. 	= half-power antenna beamwidth 
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( 5) dB 

Similar expressions can be derived when the satellite is moving from ei to 01-1. 
Therefore, the probability of a detection error is a function:of the input S/N, the 
size of the incremental ang-ular step AO ,  and the bandwidth ratio BIF/b. 

The transistion probability, P (ei -.01+1), is defined as the probability that the 
satellite would, after arriving at 01, move from 0 i  to 01 +1. The stationary proba-
bility,  P(i),  is the long-term average of the time that the satellite is at ei. 

BaSed on the synimetry of the antenna beam, the following formulas can be 
derived. 

P(0 0) 	P (O. --t-0.) 	1-1 	P (0. 	_D.0.) 
P10. %   1 	e  1-1 	Tr 	e J-1 	j 	for i > 0 

1 1 	2 	' 	1-Pe (0 1417.0 i) j•=-1 	1-1'e (up 1-c-Oi ) 

Now, because the satellite must be at one of the  discrète angles, it is clear that 

OD 

1 
1  

Using eqUatiOns (3) and (4), and knowing the probabilities of detection error's, the 
stationary probability of a given pointing offset can.be  calculated for specifice 
system parameters. 

The preceding analysis -  is valid only if the sum of the stationary probabilitie s.  
for angles outside the first nulls is small, This sum  of  stationary_ probabilities 
repreSents the prebability of loss of track. 	 • 

• 
Finally, the average loss, —L, in antenna effective gain can be easily obtained 

by: 

00 

( 3 ) 

'-•= -10 tog. E P(0i) G(0 i) 

The stationary probability distribution for an input S/N of 10 and a step size of 
Ohp/10 is shown in Figure 3. Figure 4 shows the average antenna gain loss as a 
function 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  O.  Thus the system  ' can  be 
optimized by keeping b and AO as small as possible. However, if the satellite is 
moving, additional constraints need to be considered. Since, before sampling the 
voltage, the decision circuit 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 sxnall 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 is too large, the satellite angular 
drift will itself constitute an appreciable error. In fact, if the amount of angular 
drift during this time interval is larger than AO, the antenna can never catch up 
with the satellite and it will result in permanent loss of track. Thus, optimum 
parameters exist which are functions of the satellite drift rate. 
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' 

The analysis for the moving satellite is analogotts to the stationary satellite, 
except that the rule of the random walk would be modified. Defining the time inter-
val between stepping and sampling to be T , then, the time between successive 
stepping of the antenna in the Saine axis is 4T. During this period, the satellite 
would have drifted throtigh an angle of 4Tà where à is the satellite drift rate. Thus, 
equation 2 must be modified as follows: 

() G(0. T àT) - G (O. + AO ± àT) N  

2Nria { /2-- [1. (_§.) (Go. &T))  + G(0. + AD d: 
BIF 	N 

1/2 . (q) 

The plus or minus signs in front of T depends on whether the stepping:is in the 
same or opposite direction of the satellite drift. The effective stepping size is also 
changed to AO 4Tà. 

Because of the asyinmetrical clini-acteristic,g of the effective step-siZe, a closed-
' form formula for  the transition probability is not obtainable. The tranSition piroba- 

. bility must,then be obtained by  successive approXimations. AsSurning a small IF 
bandwidth of 2kHz, an input S/N of 3 dB, a satellite drift rate of 0.00642:deg/See -

: (corresponding to 5° Figure 8 motion), a step size  of 01  /10, and selecting T to 
be 5/b, the stationary probabilities for Yarious postdeetion bandwidths were cal-
culated and are shown in  Figure 5,. This figure clearly indicates the dynamic lag 
of the antenna bearn. The average losses for three different types of Stations are 
shown in Figure 6 as funetions of the postdetection bandwidth which showed that an 
optimum  choice of b exists for eadh. 

5. Conclusion ,  The Step-Track scherne has two fundamental disadvantages, It is 
suseeptible to AM interference, of which there are many sources and it is less 
acCurate than conventional means. However, even in the lowest practical input 
signal-to 7noiSe ratio examples (S/N 	3 dB), the gain loss from traCking can be 
moderately Small if the satellite deft rate is not excessively large. Thus, it is 
çoncluded that Step-Traqk represents the most cost-effective approach for tracking 
synchronous or near synchronous altitu.de satellites, 
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Figure 1. 	A Possible Step-Track Subsystem Configuration 



Figure 2. . • Stop-Track Declaim Circuit 
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