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KU-BAND ANTENNA ACQUISITION AND
TRACKING PERFORMANCE STUDY

VOLUME 1V

VOLUME IV: Ku-Band Antenna Acquisition and
Tracking Performance Study

VOLUME V: Hardware Simulation of Shuttle Ku-Band Anter. -
Acquisition

This two vo.ume report documents the work accomplished during
amended Phase II of Contract Number NAS 9-14636. The system
tradeoff analysis and system performance study that led to
three antenna pointing and acquisition algorithms for hardware
simulation is provided in Volume IV. The construction of
results obtained from the hardware simulation are described

in Volume V. A high level software description and a detailed
software documentation of the computer programs is to be

found in Volume V. The first three volumes of this report
documents the work accomplished during Phase I of this contract.
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OBJECTIVES

LINCCMs overall objective under this contract was to develop
a hardware simulation which could emulate the Shuttle's Ku-Band
Antenna Pointing and Signal Acquisition System. The desire was
to develop a simulation in which the antenna pattern, the TDRS
search volume, the a priori probability distribution of TDRS
satellite position relative to the Shuttle, and the antenna scan
procedure could be selected for the purpose of pre icting
performance for various Shuttle/TDRS antenna pointing and
acquisition scenarios.

The simulation was developed under the constaints of assuming
a fixed network operation, the system must be real world imple-
mentable, it must be cost effective, the program execution time

must not be excessive, the modulation technique is PN/BI-$/BPSK,

. and optimum performance is desirable.
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SUMMARY

This document presents the results pertaining to the trade-

E? off analysis and performance of the Ku-Band Shuttle antenna

; pointing and signal acquisition system. The study was performed

& assuming the existance of various antenna scanning trajectories

{g and various signal acquisition algorithms. The square, hexagonal

and spiral trajectories were investigated assuming the TDRS

1; postulated uncertainty region and a flexible statistical model

for the location of the TDRS within the uncertainty volume.

The scanning trajectories, Shuttle/TDRS signal parameters and

5; dynamics and three signal acquisition algorithms were integrated
into a hardware simulation discussed herein and documented in

I detail in Volume V. The hardware simulation is quite flexible

- in that it allows one to evaluate signal acquisition performance

1 for an arbitrary (programmable) antenna pattern, a large range

(; of C/Ny's, various TORS/Shuttle a priori uncertainty distributions

; and three distinct signal search algorithms.

{; Based upon the data made available during this contract
period, certain Ku-Band forward 1ink signal threshold characteristics

[ were studied. The antenna pointing and acquisition threshold is found

I} to be less than 60 dB-Hz with an acquisition time dependent on the

antenna scan procedure and acquisition algorithm implemented.

; [z Various techniques are discussed in this report and a computer

program is presented from which these can be evaluated. It

appears that there will be no problem in meeting the system
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o lj spec even in light of the uncertainty associated with the

i,. possibilities of antenna sidelobe acquisition. The details are

[Npe——.

provided herein. Assuming a single channel monopuise system and a

30 MHz IF bandwidth, a monopulse tracking loop bandwidth of one Hz,

ot
I -

: the monopulse tracking jitter is 0.11 degrees at C/N0 = 54 dB-Hz.
The Costas loop arm filter bandwidths can be chosen to be ten

times the data rate such that no false-lock problem occurs

L Aoy
[
LR PO,

during carrier acquisition. Assuming a loop bandwidth of

BL = 3 kHz, the loop jitter is 10 degrees at C/N0 = 60.4 dB-Hz.

—

Acquisition can be accomplished in less than 10 seconds.

——— Pty
g

For the purpose of antenna scanning analysis, a reference
coordinate system, whose z-axis is in line with the center
axis of a specified uncertainty cone of the TDRS position, is
chosen for the relative relation between the TDRS and the Shuttle

antenna. The scan path of the Shuttle antenna can be projected

onto the (x,y) plane of the coordinate system; while the uncertainty

cone of the TDRS position can be described by a circle in the

o

(x,y) plane. The uncertainty in the position of the TDRS is

modeled by a truncated Gaussian probability density p(x,y) with

2 2 2

uncertainty parameters o = oy = g . By changing the value

.mm‘_ - o
s SRS uwes |

of this variance parameter, the model is sui{iciently general

to include a uniform distribution of TDRS position uncertainty

£

(op=w) to one which specifies the position with probability one
=0 >
(op )

In the study of antenna scanning three types of trajectories

ot |

are proposed ard evaluated in terms of average scen time and the
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structure of coverage over the uncertainty cone of the TDRS
position. The analysis technique used for finding average

scan time is discuss2d and an illustration of the technique

for a specific type of scanning trajectories and motion of the
Shuttle antenna is given. The results show that the spiral tra-
jectories is in general better than the other two trajectories,
especially for a constant velocity along a trajectory, since the
path of a spiral trajectory (from the center of uncertainty cone
to its edge) can be shorter than the other two.

From the Ku-band system specifications, it has been
recognized that the variation of the received signal level at
the Shuttle (due to TDRS EIRP path loss and antenna pointing loss
variations) varies as much as 23 dB. If the antenna sidelobes are
not sufficiently suppressed, a potential problem called sidelobe
acquisition may cause the degradation in system performance.
Therefore in this tradeoff analysis study, three different
aconisition strategies are proposed and evaluated. The first
acquisition strategy may be used for tiie case where the sideiobe
acquisition does not impose a problem to the system. The other
two strategies are primarily designed to avoid the sidelobe
acquisition (especially the first sidelobe).

In this study, we assume that the first sidelobe of the
Shuttle antenna is 17.5 dB suppression from the main Tobe of the
antenna so that we can study the effectiveness of the acquisition
algorithm proposed. Surely, one should note that the sidelobe
acquisition can be overcome by tapering down the sidelobes of

the Shuttle antenna below 23 dB. However, it has been
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found that with one particular acquisition algorithm studied,

!
T o

fi a strong sidelobe of the antenna can speed spatial acquisition
significantly.
‘ lj The scan schemes and acquisition algorithms are all integrated

by a computer simulation program. This software package, discussed

13 in Vol. V, provides a useful tool for predicting the performance

of the Ku-band antenna pointing system. Various options are . %
available for users to do tradeoff studies on system parameters i

i] in designing an acquisition system. The software package has

been tested on UNIVAC 1100 Series computers and verified with

analytical results.
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I.  THE TDRS POSITION AND SHUTTLE ANTENNAS

1. Reference Coordinates

In establishing the Ku-band communication 1ink between a
Space Shuttle receiver and the TDRS, the Shuttle receiver must
perform spatial search for the TDRS position. Initially, it
is assumed that the transmitter antenna of the TDRS illuminates
the Shuttle with a spread spectrum signal and also that th~
position of the TDRS is nearly stationary during the process
of spatial search of the Shuttle antenna, since the TDRS
dynamically is moving along a figure 8 trajectory slowly.

To discuss the spatial search of the Shuttle acquisition
system, we shall establish a reference of coordinate systems.

In this study it is assumed that the size and center of the
uncertainty cone within which one can locate *the TDRS, are known
at each Shuttle receiver. The geometric diagram of Fig. 1

depicts in general the relative relation between the Shuttle
receiver and the TDRS. However, for the convenience of

references we adopt a coordinate system whose z-axis is in line
with the direction of the center of the uncertainty zone. Denote Az
to be azimuth coordinate and E1 to be elevation. We shall project
Az and E1 onto a plane perpendicular to the z-axis, as shown in
Fig. 2, so that the uncertainty zone can be confined to a circle
whose radial coordinate represents Elevation and angle

coordinate Azimuth. Throughout this report, we shall use this
projected plane to discuss the spatial search of the Shuttle

antenna.
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Figure 1. GEOMETRIC LOCATION OF THE TDRS WITH
RESPECT TO A SHUTTLE
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Figure 2. REFERENCE COORDINEvE SYSTEM

J/// UNCERTAINTY ZONE
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The positionof the TDRS relative to the Shuttle receiver

— -

e e,
P S—-
-

is only known up to a cone of angle 9m. Nothing has been

specified about the statistical distribution of the TDRS over

==

»

the cone. In order to characterize its distribution, a

"truncated" Gaussian function is assigned to (x-y) coordinates

=3

of the uncertainty zone on the projected plane. The "truncated"

L

here means no tail for the Gaussian function, i.e., the probability

I} of finding the TDRS at one point in x (or y) direction is of

: Gaussian form within the uncertainty region and zero outside
[E the uncertainty zone. The value of variance Up of the Gaussian
“ distribution reflects the statistical properties of finding

§ [f the TDRS around the neighhorhood of the center of uncertainty
[t " cone. The smaller the value of 95 the higher the chance
{

of finding the TDRS near the center of the cone. For a higher

value of °p’ it approaches to a uniform distribution.

2. Statistical Model of the TDRS Position

et e o

i Now the probability distribution is expressed in terms of
i (x % ) coordinates in the projected plane of Fig. 1b. The

Gaussian distribution function is

E {é 1 x2+ 2
L o(x,y) = — exp|- T (1)
¢ 2wo 20

[% Y p

wher- oﬁ is the variance. The probability distribution of the

[

TORS at (x,y) is

ko(x,y) x2+y2 5_e$
f(x,y) = . (2)

elsewhere

L«-uu}

oo

where k is a normalized constant. One can show that
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k = By (3)

i s

3 1 - exp| - ~—
1 20
: by imposing the condition &mGINAL PAGE I3
. POOR Qua Ly
I
§ L I‘[f(x,y)dxdy = 1,
; ﬂ _
2 B8 Note that the function f{x,y) has the same zero mean as that of
; B ¢(x,y), but it has different variance from 0‘2). One can find that

i x * % 7T . 2 J

f) In practice, it is more interesting to know the statistical

characteristics along the direction of elevation and azimuth.
ﬂ One can express f(x,y) in terms of polar coordinate system
{J in the projected plane as follows
- 4 2
kR R
Z—?exp(-2—2> 0<R<em
o [+

ﬁ f(R,0) = P P ()

¥
0 elsewhere

PR
Yol d

where R is for elevation and & for azimuth. It is obvious that

‘.. e+

the probability distribution in the azimuth is uniform over (0,2n).

_ {Ti Thus
2
U %exp(——-&z—> 0<R<em
cp 2g

f(R) = P . (6)

T
& 0 elsewhere

The mean and variance in the elevation can ba shown to be

ﬁ o[:'n&m -

§ 10
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0 0
E(Rz) = koil - (] + —-~"2!) exp (- _._"Zl)l
20p 20p j

Variuwice = E(Rg) - mg (7)

and

3. Mean, Variance and Moments for the TDRS Position

In order to show the relation between mean and variance
of the elevation distribution and the variance og, a tabulation
of means and variances for different values of og 1s given in
Fig. 3. In addition, because of the need in analyzing the
average scan time, the moments of elevation and azimuth
distributions are also tabulated in Fig. 4 (all normalized em=1).

4. Shuttlae Receiver Antenna Pattern Model

It is assumed here that the pattern of the Shuttle antenna
has only one single pencil beam with the first sidelobe down 17.5
dB from the main labe. The beam width shall be
referred to as the 3 dB contour of the antenna pattern. The
type of the antenna pattern assumed here can be characterized

as follows:
J](Za cos 6)
a sin o

G(o) = (8)

where

o = angle offset of the boresight axis of the Shuttle
antenna from the direction of the TDRS position

a = a parameter determined by 3 dB beamwidth of the

T“""‘Y‘"""r:‘“*‘ i

N

| —

antenna 0g
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Figure 4.

Azimuth:

Elevation:

OONNANEWN =

MEAN AND MOMENTS OF ELEVATION AND AZIMUTH

DISTRIBUTION OF TDRS POSITION.

(I-1)TH CENTRAL MOMENTS

.0000000E+00
.1307825E-01 Mean
.6646434E-02
.6520391E-03
.2308420E-03
.2739134E-04
.5791496E-04
.5581140€E-04
.4715485E-05
.4132538E-05
.4764277E-05
.40-0367E-05
.1651569E-06
.8283923E-06
.9042068E-06

PO~ CWRANNN W

MEAN, AND CENTRAL MOMENTS

.0000000E-01
- 3333333E-02

5
8
0.
1.2500000E -02
0.
2.2321429¢-03
0.
4.3402778E-04
0.
8.8778409E-05
0.
1.87800438E-05
0.
4.0690104E-06
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J](x) = Bessel function of first-order

Note that here we assume the antenna pattern is spherically
symmetric with respect to the boresight of the antenna. The

function 21J](x)[/x is plotted in Fig. 5. From the function one

! L

can see that the 3 dB point of the pattern is located at x = 1.61]

and that the first sidelobe peak is 17.5 dB down from the main

-~
[

peak and occurs at x = 5.1. With this information one can

design the antenna with 3 dB beamwidth by choosing the

N

parameter a to satisfy the condition

|
[i _ 1.61 0.805
t a = Zsin e R bg - (9)
{i where
oy = half beamwidth (in rad.)

f =

In what follows we set a=57.65 and this gives rise to a beamwidth of 1.6°.

‘Q'M
[N

The antenna pattern used in this study is plotted in Fig.6 with an amplifi-

tion factor of 3 in angle and in Fig. 7 in rectangular form. Note that

r-3

the first null point of the main lobe is at oy = 1.78° and that

P o
[P

the angle of the first sidelobe peak is 6 = 2.5°,

The function G(e) gives the loss in the received signal

1

power when the angle 6 is nonzero. The 8, an offset angle, is an
angle of the boresight axis of the Shuttle antenna off from the TDRS.
To compute 6, one should know the relative geometric relation

between the TDRS and Shuttle receivers. Using spherical coordinate

->
system, we denote A to be a fector pointing toward the TDRS
with unit magnitude, say (1, apgzs aEL) and E be a unit vector

in line with the boresight axis of the Shuttle antenna, say

Lo
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Figure 5. Antenna Gain in Rectangular Coordinates.
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(]’BAZ’BEL)' Then one can express the offset angle 6 to be

™

+
cos 8 = o

2

where

length of a vector }

Ix|

scalar product of two vectors
In scalar form the above equation becomes

cos 6 = cos(aAZ-SAZ) sin ag SN B +COS ap COS B,

If the TDRS happens to be at the center of uncertainty region,

i.e., apz = 0 and ap = 0, one immediately has

cosS O = CO0S BEL or g = BEL

Eq. (10) will be used in general to compute the offset angle o
for a given position of the TDRS and the direction of the
boresight axis of Shuttle antennas. The latter will be
represented as a point in the projected plane as indicated in

Fig. 2b.

18
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IT. SPATIAL SCANNING OF SLUTTIE ANIENNA

1. Scanning Trajectories

In order to search spatially for the TDRS position systematically,
one should assign a regular path for the Shuttle antenna to sweep
across the uncertainty region. Projectino the path, along
which the Shuttle antenna sweeps through, onto the plane perpendicular
to the 7-axis, we have a trajectory for the tip of boresight of
the antenna and footprints for the 3 dB contour of the antenna
pattern. To guarantee a complete coverage of the uncertainty
region with a 3 dB contour footprint, one should properly design
the trajectory. In this study, three kinds of scan trajectories
are studied, viz., |

(1) Square Trajectory.

(2) Hexagonal Trajectory.

(3) Achimede Spiral Trajectory.

The characteristics of each trajectory will be discussed separ-
ately. Here we'll point out that the first two trajectories
will have uniform overlaps between any two 3 dB contour of the
antenna pattern. The whole uncertainty area is divided into
cells inside which every point can be illuminated by at least a
3 dB contour of the Shuttle antenna. On the other hand, the
third trajectory will have nonuniform overlaps, especially
those cells near the center of the uncertainty zone. The
overlap used here is defined to be the ratio of the portion

0~ the overlap of two cells whose centers on a traject§ry are
aligned in the same radical direction, to the 3 dB beamwidth

of the antenna, as shown in Fig. 8.
OR/GINAL PAGE IS
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Here we also assume that a'l trajectories start at the center
of the uncertainty cone.

(a) Square Trajectory

As the name implies, the trajectory is square-shaped and
the uncertainty area is divided into square cells with diagonals
298’ as showr in Fig. 9. The center of each cell can be easily
determined from the geometry of the trajectory. One can see that
the disadvantage of the square trajectory is ihat some of the
cells are outside the specified uncertainty cone. Obviously
one can easily determine the number of terms of the trajectory
and the number of c2lls needed in order to complietely ccver the
whole uncertainty cone.

Let o be the angle of half .he uncertainty cone, 2d the
separation between two square cells, 2d = /?eB and N the number

of turns. Then from observation of geometry, one can easily

express

or
-6 e
B 1 m
N> m ) (-—-])
. . o ]
This indicates that it takes about 7 (em/eB -1) turns of
One may

square trajectory to swecp through the whole area.

also estimate the number of cells needed

NC = 1 4+48+2x8+ ...+ 8xN
= 1 + 4N(N+3) (13
;>Zr}ll<iji;l12
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For instance, oy 0.8, O " 10°, then one needs

N> 8.13 == at least N = 9 turns
and the number of cells
Nc=1+4x9x10 = 361 cells

Finally, onc should note that the overlap for the square trajectory

is 29.3%.

(b) Hexagonal Trajectory

Hexagonal trajectory requires less overlap between cells.
The intersections with all neighborhood cells are the six vertices
of hexagons which form a honey comb. The separation 2d between
two hexaqonals is “308‘ as shown in Fig. 10. Obviously, the
centers of the cells can also be determined easily. Here we
can also estimate the number of turns required to sweep the
uncertainty area to be as
o + (2na)?)'/2
ORIGINAL PAGE IS

one car solve for N OF POOR QUALITY
v‘Bz - 62 2
N m B P T ] - (14)
= 2d 3 QB

The number of cells can also be computed

"

N

c 1+ 6+2x6+ ... +Nx6©6

or

N
c

1+ 3N(N+1) (15)

Comparing eq. (13) with {15}, one can see that the number of

23
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l cells required for the hexagonal trajectory is less than those

St et as

| gy

s for the square trajectory. say 0g 0.8° and O = 10°, the

trajectory needs

L] N>7.1 ==» at least N = 8 turns
| [ and

Nc = 216 cells

L which is smaller than that for the square trajectory.

§ (c) Archimede Spiral Trajectory

When the boresight axis of the Shuttle antenna sweeps along
a trajectory, the foot prints of a 3 dBcontours of the antenna
- cover a uniform strip of area along the path. In order to
| utilize this fact, the Archimede spiral is most suitable because
of its equal separation between trcjectories. The Archimede

spiral can be characterized as

-
~

Lovwme o

= 4 -

where -

[ g—

1 2d = separation between trajectory

Note that the variable ay (or Az) in the expression should nat

be limited to a range of 2». According to the definition of

overlap eq. (11), the seraration d should ve determined once
the overlap of cells is specified.
Unlike other two trajectories, the spiral trajectory lacks

geometrical symmetricity. So how to choose the center of cells

[ to ensure a complete coverage of the scanned area becomes a
nontrivial problem.

To explain the scheme of finding centers of cells along the

‘] C>Zf%ll<fji;i7l -
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spiral, we shall start the first cell of the scan at E1 = 0 and
Az = 0 and proceed along the spirai. We should impose a
condition that the circle of the second cell passes through

the intersection of the circle of the first cell and an
auxiliary spiral. This auxiliary spiral falls in the Archimede

spiral trajectory and can be characterized as below

+d ()
as shown in Fig. 8.
Let A be the intersection point of the first cell and
the auxiliary spiral, (Elm].Azm]), and B the center of the
second cell (Elz,Azz). Using eqs. (16) and (17), one can solve

for Elm], Azm and ELZ,Az2 in sequence,

1
B, = ogand Az, = ~i§ (08 - d) (18)
and
Azm] = ZElm‘ cos(AzZ-Azm]) (19a)
B, = 4 a,ed (19b)

The relation (19a) is derived from the fact that the distance from

point A to B is o Combining two equations (19), one can

3
iteratively solve for Azz. then Elz. Repeating this procedure,
one can find the centers of all cells to cover completely the
scanned area. Here we shall formulate the general method.

Let the center of the kED-cell be known (Elk.Azk). To
find the center of the next cell ((k+l)ﬁb) one should find the
intersection of the circle of the ksh cell and the auxiliary

spiral curve first. Denote the intersection to be (Elmk.Azmk).

26 :
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Then one can have the relation

2 2
: i o2-(E1_,-E1,)
Az =I\zk+s;os](-B mk  k )

mk ZElmkElk

to solve for Azmk' Using eq. (17) one can compute E]mk' After

obtaining the values of Az . and E1 ., one can solve for AZ(y41)

iteratively, by the relation

_ -1
Az(kﬂ) = Azmk+cos (]

Similarly, one can obtain El(k+]) by eq. (17).

From the above discussion of finding centers of all cells
one can realize that it is rather complicated to analytically
evaluate the number of cells required or number of turns needed
to cover whole area of uncertainty cone. However, a computer
program implementing the above scheme has been developed and can
provide those answers for a specified uncertainty cone.

(2) Motion of the Shuttle Receiver Antenna

Once a trajectory of spatial search is chosen for Shuttle
receiver antennas, one needs to determine what type of motion
should be used in order to meet aspects of the total search time.
Here, it is assumed that the receiver antenna can be moved
either in a constant angular velocity or constant speed in any
trajectory or a combination of them. The constant angular
velocity can be characterized as

daz
. constant

ORIGINAL PAGE IS
OF POOR QUALITY
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and the constant speed along a trajectory is defined to be

ds

at = constant (23)

along trajectory
where s is the arc length along a trajectory.

How should we choose the type of motion for the receiver antenna
depends on the flexibility of gimbol systems, ihich drive the
antenna to sweep, on the adoption of scanning trajectories and
on the consideration of dwell time for each search cell. One
important parameter in the design of acquisition system is the
tota® scan time. Here we shall discuss the effect of types of
motion on the scan time. We shall neglect the time required
for signal detection since it is normally much shorter than

the time for mechanical motion.

Suppose that.the beamwidth of the Shuttle antenna is 1.6°.
the scan times to sweep over an uncertainty cone of 20° are
plotted in Fig.11 for constant angular velocity of Shuttle
antennas with the spiral trajectory. For instance, “or a constant
rotation speed of 100°/sec, it will take 32 seconds to sweep the
whole uncertainty area if the overlap of the spiral trajectory
is 30%. To meet the required scan time, 55 sec, %t is necessary
for the Shuttle antenna to rotate at least 50°/sec, for 15% of
overlap spiral trajectory. This is equivalent to 0.131 cycle/
sec. The scan times for other two types of trajectories are
also shown in Fig. 11.

On the other hand, the curves given in Fig.12 show the
scar time for constant speed along the trajectory. Note

that the unit of speed is the same as the unit in elevation

28
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70 |
Spiral (30% Overlap)
60 k
Square Trajectory
‘ Hexagonal Trajectory
- \‘ Spiral (15% Overlap)
50 ¢
o 8, = 10
— 6, = 0.8°
40t B
a
30 F
20 |
10
ORIGINAL PAGE IS
OF POOR QUALITY
0.1 0.2 0.3 0.4 0.5 0.6
fc (in cycle/sec)
£ J 72° 108° 144° 180° 216°
wlkI12 C:ci'!l in degrees/sec

29




ES == B3

oy O3 23

L

Lo

L

1

- mm

s

—oLinCom

per sec. The uncertainty cone is also assumed to be 20°. The curves

show that the Shuttle antenna requires tc move 4.9°/sec along
the spiral trajectory of 15% overlap to sweep over the whole
uncertainty cone for 55 sec.

From Figs. 11 and 12, one can see that the scan time for
spiral trajectory can be better than the other two trajectories.
As pointed out previously, the square trajectories spend much
more its scan beyond the uncertainty region. Similarly,
the hexagonal trajectories may also spend some of its scan
beyond the uncertainty region in order to ensure a complete
coverage of the region. In general the path of trajectories
starting from the center of uncertainty zone to its edge is
shorter for spiral types “han for square and hexagonal types.
Therefore, the spiral trajectories are recommended for Shuttle
antenna scanning.

Note that the constant speed along a trajectory yields a
nonuniform angular velocity. In order to reveal the. relation
between the angular velocity and the constant speed along a
trajectory, we plot the instantaneous angular velocity for a
constant speed along a spiral trajectory, say 5°/sec, in Fig.13.
Clearly it shows that in thc neighborhood of the center of the

- ucnertainty cone, the Shuttle antenna is required to rotate
more than 4 cycles/sec, which may appear too high for the Ku-band
receiver antenna. To prevent this situation, the combination
of the constant angular velocity around the center of the

uncertainty zone and the constant speed along a traje-tory for
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outside area is proposed as the third alternative for the study.

For the third alternative, an additional parameter, called
switch point By s defining the point to change the motion of the
Shuttle antenna from the constant angular speed to the constant
speed along a trajectory, should be determined by the consideration
of optimal dwell time for search cells. Here 'optimal' dwell time
means to provide maximal available dwell time for signal detectior.
Thus, we shall discuss this problem in the next section.

(3) Dwell Time - Mechanical and Electrical

There are two kinds of dwell time involved in the acquisition
system of spatial search--mechanical and electrica] dwell times.
The mechanical dwell time % defined to be the time interval for
Shuttle antenna to sweep along a trajectory from one search cell
to an adjacent cell; while the electrical dwell time is the time
interval for a signal energy detector to integrate the received signal energy
and making a decision. Surely the electrical dwell time governed by
the mechanical dwell time. In this study, we assume that the
electrical dwell time is much smaller than the mechanical dwell
time and that the electrical dwell time will be set uniformly for
all search cells. The relation between these two dwell times is

given as follows:

TD = kD min(TDM) (24)
where
Tom = mechanical dwell time 8§IG1NAL PAGE I
Tp = electrical dwell time. POOR QUALITY,

For a constant speed along trajectories, the mechanica®l dwell

time is uniform. Eq. (16) becomes

1 = o
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¥ [
. T = KpTpy - (24a)
1
{‘ For a constant angular velocity, the mechanical dwell time varies
’ depending on ti.: location of cells. When the trajectory is near
[; the center of the uncertainty zone, the number of cells swept by
. the Shuttle antenna per cycle is less and the mechanical dwell
l} time is longer. ‘therefore, the shortest mechanical dwell time
[] available occurs at t'ie outward area of the uncertainty cone. One
" may estimate the shortest mechanical dwell time by
&
| [} min(Tpy) & %- 535;%523 (25)
i
where
{j ‘ eM = radiﬁs of uncertainty cone
- : 29B = beamwidth of antenna
— f = revolution/sec
] A/ZGB = overlap
Next we discuss the case where the Shuttle antenna moves with constant angulan
— velocity around the center of the uncertainty area then changes to
- a constant speed along a trajectory at a switching point 0. We
have plctted curves, as shown in Fig. 14, for kD = 0.1, and fixgd
total scan time TScan = 55 sec. When the switching point at 8= 6°,

the intersection of curves A and B yields the optimal electrical

e o am =m £ O OO

dwell time available, TD = 22.5 ms if one chose fC = 0.26 cycle/sec
for rotational speed within the switching point o The curve A
represents the minimum dwell time for cells within the constant
rotation zone, while curve B is the dwell time of cells outside

the constant rotation zone. Based on these sets of curves, a
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system designer may determine the optimal electrical dwell time
and also proper rotation spéed. The constant speed for the outside
switch point can be set to be the same speed as that when the

Shuttle antenna reaches the switch point, that is

da
dsl _ 2 -
S
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II1. AVERAGE SCAN TIME (MECHANICAL)

Scan time is one of the important parameters in the design
of antenna acquisition systems. It is functions of the
mechanical characteristtics of the Shuttle antenna, the scheme
of signal energy detection and the statistical position of
TORS relative to Shuttle users. The analysis of the scan
time is rather complicated. In this study, we shall resort to
computer simulation to obtain the scan time. However, we shall
discuss the scan time of the Shuttle antenna without taking into
account the effects of false-alarm and miss detection. This
means the scan time will be determined for a chosen antenna
trajectory, type of motion of gimbol systems and truncated
Gaussian distribution for the TDRS position.

To derive the average scan time for the Shuttle antenna to
point tothe TDRS position, we shall use Gauss quadrature rules,
for which a general expression of scan time T conditivned ona
known TDRS positions is required.

For the three proposed scanning trajectories the scan time
T will be expressed in terms of either a rectangular coordinate
system for spiral trajectories or in a rectangular coordinate
system for two other trajectories--square and hexagonal.

Denote the TDRS position to be at a (&EL’&AZ)’ where aEL
is in elevation component (radical direction in the projected
plane) and &AZ is in azimuth component (angular direction). Let
x(t) and y(t) be the rectangular coordinates of the trajectory
of the Shuttle antenna motion on a projected plane at time

instant t. One can relate it to the polar coordinates (a],az)

L DI oo sl
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as follows
“~
u](t) = sz(t) + yé(t) in Elevation Directifn)
: 27
°2(t) = tan’] ?{%}- in Azimuth Direction (28)

In the analysis, it is assumed that, to start the spatial
search of the TDRS position, the Shuttle antenna points tc the
designated center of the uncertainty region of TDRS, say
a(t) = (0,0) as shown in Fig. 15. Then the time required for
the Shuttle antenna to scan up to the TDRS position, along

the assigned scannirg trajectory can be expressed as follows:

~

&=& e 3
T(a) =f dt =[ (g%)ds along trajectory PJ.
a=0 a=0 (29)
where Pj is the assigned trajectory of the Shuttle antenna motion,
as seen in Fig. 15. The variable (g%) is the velccity of the
antenna motion along the trajectory at any instant t. More often,
it is rather convenient to decompose the speed of antenna motion
into two orthogonal components, either in polar f&rm or in
rectangular form. From geometric considerations one can simply

express (%%) in tne following forms:
da, \ 2 da, \2
dsy _ 2 1 .
- (—-dt) = ’(“‘ -—d—t—) +(-——t) in Polar Form (30)

d _. (95)2 + (d )2 in Rectangular Form (31)
dt dt t

or

Therefore the conditional scanning time T(&) on the known TDRS

38
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Figure 15. ANTENNA TRAJECTORIES

2 X

Designated trajectory
of boresicht of antenna

/
,I
3 dB contour of antenna pattern
Shaded area is

illuminated by
Shuttle antenna
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position become

)
T(&) =f z da] for Polar Form
a=0 (32a)

along P
or
A (x,¥)
T(a) = for Rectangular Form
(0,0) j )2+ (&
along P, (32b)

One can evaluate the scan time using the above formulation
if the trajectory is fixed and the TDRS position is known.
Unfortunately, in practice the TDRS position is only known within .
a certain region. To characterize this unknown, a truncated
Gaussian distribution function p(a],az) is assumed for the TDRS
position. That means o is a random variable with probability
distribution p(a],az). With this uncertainty of the TDRS
position, the average scan time can be evaluated through
Gauss quadrature formulas. By definition, the average scan

time is

]

@ = ELTa)] ;

[fT(a] ctz)p(m.| ,mz)doz-l da2 (33)

Here we shall assume that the variables ay and a, are statistically

independent of eack other, as is the case in practice, i.e.
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p(“]tﬁz) = p](ul)pz(ﬂz)

Then one has -

: 8
m——— m 2‘!!‘
@ = 7 pfey) [ Tleyagdifg)ee, day
0 0
where
em = the radius of the uncertainty region of TDRS position

The above double integral can be evaluated approximately

through Gauss quadrature formulas as below:

NN
T = Z;. kZ] wy i Ty gy ) (34)
= =

The sets of parameters (”]1’“12) and (“Zk’GZk) can be obtained
from moments of random variables. A set of thesc parameters
for the assumed probability distribution tunction (as shown in
previous sectiions that the random variable oy is truncated Rician
distribution and @, uniform distribution) is given in Table 1

for N] = N2 = 5 with required moments of random variables.

Through this scheme, the average scan time with two different
types of the antenna moiion along spiral trajectory of 30% overlap is
computed vs op, the standard deviation of the Gaussian distribution function
The Shuttle antenna will take 31.5 sec to sweep over the whole
uncertainty area if it is rotated with a constant angular
velocity of 0.3 cycle/sec. The average scan time for this
constant angular velocity is plotted in Fig. 16. For a mixed
type of motion--sweeping with a constant angular velocity fc

then constant speed along the trajectory Ve at a switching angle ¢

4
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Table 1.

R

LS NS

RSN I S -

Formulas.

(1)

Moments and Parameters (w

(I-1)TH Central Moments

1

o 0 N Y AW N

p—
o

1

(2) Uniform Random Variable (em = 1.0)

a—

.0000000E+00
.1307825E-01
.6646434E-02

3

2

2.6520391E-03
2.2308420E-03
6.2739134E-04
3.5791496E-04
1.5581140€E-04

8.4715485E-05

-

.4132538E-05
2.4764277E-05

(Mean)

(I-1)TH Central Moment

W O N OV O BWw N -

o
o

n

1.0000000E+00
5.0000C00E-01
8.3333333t-02
0.
1.2500000E-02
0.
2.2321429E-03
0.
4.3402778E-04
0.
8.8778409E-05

(Mean)

ig’“iz) of Gauss Quadrature

Truncated Rician Variable (am = 1.0%,¢

= 0.25°
Y 5)

Gauss Quadrature Formula

SHow N

T}
-2.4194992E-01

~9.5548526E-02
9.9011891E-02
3.2591406E-01
5.6917592E-01

“1g
1.2466771E-01

4.1508332E-01
3.6030230E-01
9.3469248E-02
6.4774140E-03

Gauss Quadrature Formula

oW NN - O

922
-4.5308993E-01
-2.6923466E-01
~7.9936058E-14

2.6923466E-01
4,5308993E-01

42
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“21
1.1846344E-01
2.3931434E-01
2.844444E-01
2.3931434E-01
1.1846344E-01
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Figure 16. AVERAGE SCAN TIME FOR CONSTANT ANGULAR YFLOCITY
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the Shuttle antenna will take 61.6 sec to complete the scan over

the uncertainty area if fc = 0.3 cycle/sec, Ve © 5 044 degrees/sec.

Its average scan time is also plotted in Fig. 17.

Note that the

unit of Ve is the same as that in elevation unit/sec.
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IV. KU-BAND RECEIVER--SIGNAL ENERGY DETECTOR

(1) Receiver Model

In this study tne receiver for spatial search is assumed
to be a noncoherent signal energy detector, as shown in Fig. 19.
The signal energy from a square-law detector is used for detect-
ing whether the Shuttle antenna is pointing toward the TDRS.
During the spatial search, the Shuttle antenna is sweeping
across the uncertainty region of the TDRS along the assigned
trajectory. At the same time the Shuttle receives signals
transmitted from the TDRS. The signal power received by the
Shuttle depends upon the offset angle @g¢s between the boresight
axis of the Shuttle antenna and the direction of the TDRS in
the view of the Shuttle receiver. By comparing the received
signal power with a threshold, one can determine that the
boresight axis of the Shuttle antenna is pointing to the TDRS,
therefore, stops the scanning of the Shuttle antenna. Denote
the received signal to be S(t,8) plus the channel Gaussian
noise with zero mean and variance oi. The received signal may

be expressed as follows:

r(t,e) = S{c,8) + n(t) (35)

where
s(t,0) = V2P G(o) Sq(t)d(t) cos e(t)
P = Maximum received signal power when the boresight of the
Shuttle antenna is pointing at the TDRS position
Sq(t) = PN code waveform
d(t)
o(t)

Data waveform

wot + wo
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7 C Carrier frequency
kil
bo = Initial phase angle
G(8) = Loss function of received signal due to offset
of the boresight of the Shuttle antenna from the TDRS
position as defined in eq. (8)
n(t) = A Gaussian randcm process with zero mean and
. 2
variance o
= n_ cos o(t) - ng sin o(t)
n. '
= Baseband Gaussian random processes with zero
Ns means and variances cﬁ

The variance oﬁ of the channel noise is determined by the
bandwidth of the IF filter BIF and system noise temperature
(noise spectral density NO). Since the received signal ic
wide spread in frequency, the IF filter must be designed to be
wide enough to pass the signal. Therefore, the recaived signal
power consists of not only the transmitted signal energy but
also channel noise energy. When the available signal power

at the Shuttle receiver is weak, the decision making based on
the output of energy detection will be effected by the channel
noise power; however, one can set proper threshold'against the
channel ncise so that the probability of detecting Oasf = 0

is reasonably high. Yet, when the available signal power is
strong, the criterion of setting threshold level against the

channel noise will cause false acquisition due to sidelobe

of the Shuttle antenna, since the sidelobe of the Shuttle antenna

is only 17 dB weaker than the strength of the main lobe of the

antenna. In order to prevent this sidelobe acquisition, special

n.
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schemes must be implemented. Some recommended techniques for

avoidance of sidelobe acquisition will be discussed separately.
The signal detection for the Ku-band receiver can be
formulated as follows:

Denote the output of ithe square law detector to be

y(t.0) = rZ(t,o) (36)

depending on the offset angle between the boresight axis of the
Shuttle antenna and the direction of the TDRS. The output of the

integrator is
T

D
Z(s) = -T-:—]-f rz(t,e)dt (37)
0

The detector is to detcrmine one of two hypotheses:

Hy:  Z(e) le] > e,
(38)
Hyo Z(e) o] <o
where 8,= allowable offset angle of the Shuttle antenna. The integration

of Z(e) will be approximated by the sum «f N samples taken at

a Nyquist rate Ts’ which is equal to Bi;.
1 s 2
2(e) = g :z: ro(kT,e) (39)
=1

vhere M = integer part of BIFTD‘ The statistical characteristics
of the variable Z(9) car be determined from that of a single
sample r(kTs.e), to be discussed in the next section. " Here we
shall further make cne assumption that 8, ¥ 0. So the hypotheses

should be modified as

Lt Com—
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i Hn Hy:  Z(e) for || > 0
i (40)
o H]: 2(e) fore =0
N
b‘ . J

The following analysis can be modified for small values of Oy

-

et B i R SV N st

(2) Statistical Characteristics of Decision Variable

By the assumption that Ne and n_ are two lowpass Gaussian

o o e ok oo

4 3
random variables of zero means and variance oﬁ, the probability
density function of the envelope R and phase y of the sigral r(t,s)
is well known R 12p62(0) + R® - 2/2P6(s)S_ (tMtRcos ¢
r 2:0" -20"
L P(R,¢le,$q,d) B for R> 0
0 for R< 0
(41)
- where
- _ 2 2
! R = [/2_PG(9)Sq(t)d(t)+nc]+ ng
t . 1 ne ORIGINAL PAGE IS
) v = tan VfPGTe)Sq(t)dﬁ) T OF POOR QUALITY
; Define
2 P2 (o
x p (8) = > = input signal-to-noise ratio (SNR)
! °n
? Then
\ R RY 2 R
: 2——-2' expi - 755 )P (8)+2p(2) vi’c;; Sq(t)d(t) cos ¥
g N

P(R:WIe»Sq-d) = for R > 0

0 R<9

(42)
Averaging P(R,p|6) with respect to ¢, one has
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( :g exv(-(m'f; )2 - p?-(a))zo (Wg" Sq(t)d(t)p(d))

n n
P{R d R>0
i lﬂlsq’ ) —‘1
(43)
L 0 R<O
Assuming that
+]
Sq(t) = with equal probabilities

and

+1
d(t) = { : } with equal probabilities

then one has

r r 2 r
S -t - 2,2 NI DY . .
2 (e"p( .:*on) ° (‘") o ((.z\,n)““)> forre >0

0 for r, <0 (44)

where

= = ORIGINAL PAGE IS
fo T sampleofRatt =l OF POUR QUALITY:

Now we can derive the probability density function of Z(8) from
Plrllu) through the characteristic function approach, which can
be found in [1]. Omitting the detailed derivation, we express

the result as

( M-1/2
l MZ 2
_B? ('“2-’-.2-w-) exp (~ —5 - Mo (0))
Zon gonp (0) ZGn
) =
P(Z |o) 4 :
lM-] 2Mp(e) ‘2 for z >0
20n
\ o0 7<0 (45)
3 O[:.IICOI'I
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where

Iyy(*) = Modified Bessel function of the first kind and
of order (M-1).

(3) Probability of Detection and False Alarm

When 6 = 0, the probability of detecting the presence of

TDRS can be computed as

f p{Z|6=0)dZ
Th

Pd(e=0)

where Th is a threshold level of the detection. Defining Z] =

MZ/Zoﬁ, one has

Py(6=0) = oM@pzw),”ig) (47)

20n

where
[T (zyM-1/2 )
Qiry) = ) exp(-z-x)1,,_;(2/%2)dz
y
The function QM(x,y) is known as generalized Marcum's Q-function.

When the offset angle o is nonzero (> eB), the probability

of false alarm can be expressed as

ORIGINAL PAGE IS

Pe,(670) = f P(Z|e#0)dz OF POOR QUALITY,
Th
- QM(”"Z(")' ;"'_T.;) (48)
20n

52
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which is a function of the offset angle 0. The criterion for
choosing Th is the prcvention of false detection caused by

the second sidelobc of tne Shuttle antenna. In practice, for

a given false alarm probability,one needs to establish the
threshold leve! Th. However, solving for Th from eq. ( 48)

for a given value of Pfa(o) appears to be nontrivial unless scre

approximation is made. Thus one may assume that oz(ofO) X 0.

Pe(020) = im0 (Mpz(ﬂ), ﬂl")
a 2 M 202

e (07#0)-0 n

ff%y .[ M exp(-2)d?Z

NTh
o (™! exp<_ _M_T_h> L N
22 2] & (M-k-l)!(gﬂg)r
[y

for M > 1 (49)

Using iterative scheme one can solve for Th for a given value

Pfa(ofO). In fact the above expression can be rewritten as

Pf(Q#O) = 1 - I(-’N\(;:—?) , M—1> (50)
n

where
I{u,s) = 1incomplete gamma function
u/i+sz s
- f x2_exp(=x) 4
s!
0
*
The function I(u,s) has been tabulated . Thus one may

*Pearson, K., Tables of Incomplete © Function, Cambridge University
Press, 1934.
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conveniently solve for the threshold Th. Note that the approxi-
mation pz(efo) ¥ 0 is valid when the noise variance oﬁ is of the
order of the first sidelobe magnitude (about SNR < 17 dB). Other-
wise, alternative approximation may be taken. When signal-to-
noise ratio SNR is high and the value of M is large, we shall use

an equivalent Gaussian distribution for P(Z|6).

: (z-my(0))?
P(zle) = m"&‘zm exp |- "W (51)
where
m(e) = M(1 + o%(0)) (52a)
(o) = M1 + 202(8)) (52b)

Then the probability of false alarm can be simply expressed as

M
?L,'T‘zrl - my{0)
1 °n 5
Pf(efO) = 3 erfc ——-";?l(-;n—('é-’————— ( 3)
where
2 ® 2
erfc(x) = 7 f exp(-t©)dt

X

Thus the threshold Th becomes
Th = {fé‘oz(ew‘(pf) + m,(6)) *203' /M (54)

To evaluate Th, we substitute o by esp, the offset angle at
which the first sidelobe of the antenna is located. The function
¢'](-) is tne inverse function of erfc(:) function.

(4} Threshold Leveis of Signal Energy Detector

The choice of threshold level in signal energy detection
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depends upon the specification of false alarm probability and
probability of detection and carrier-to-noise (CNR) ratio. One

may start to choose initially a threshold Th] to meet the probability
of false alarm Pfa due to channel noise. When CNR becomes larger,

as indicated previously, one has to verify the chance of being
acquiring the TDRS with the sidelobes of Shuttle antenna. If

it is higher than Pfa‘ onc needs to adjust the threshold level

higher so thet the probability P of detecting the TDRS with

fas
sidelobe of antenna is less than specs.

However, in practice the CNR is not known at a Shuttle
receiver, it is better for hardware implementation that a
uniform threshold Tevel for all operating range of CNR is set
up. For a Ku-band communication link, the operating range of
CNR can be as low as 60dB-Hz and as high as 80dB4iz. With this wide
range of CNR, (60 dB Hz - 80 dB Hz) one w.ill1 find it impossible
to set a uniform threshold level without having false acquisition
due to sidelobe of the Shuttle antenna. This can be clearly
seen when the signal energy at the output of detector is plotted
for the main lobe against the sidelobe of Shuttle antenna, as
shcwn in Fig. 19. Note that the signal energy received by a
sidelobc of Shuttle antennas at CNR = 80 dB-Hz, can be
stronger than the signal ecnergy received by the main lobe of
the antenna at CNR = 60 dB-Hz. Therefore, the threshold set
up for CNR = 60 dB-Hz will be crossed by the sigral energv of
the sidelobe at CNR = 80 dB-Hz.

In order to avoid the false acquisition due to the sidelobe

of the Shuttle antenna, a second threshold should be used to

-
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= distinguish the main lobe acquisition from a first sidelobe

[ acquisition. Here it is proposed to use the second threshold

i level at CNR = 80 dB-Hz to guarantee the specs of the probability

{, of false alarm due to the sidelobe for high SNR.

[ One also should note that for a wide operating range of

‘ CNR (60 dB-Hz to 80 dB-Hz), the possibility of having a second

%; sidelobe acquisition occurs if thesecond sidelcbe of antenna

pattern is not lower than the main lobe by about the range

5 of CNR.
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V. ACQUISITION SYSTEM OF KU-BAND RECEIVER

1. Three Acquisition Strategies Studied

The acquisition system proposed for Ku-band receivers
consists of two major parts--coarse spatial acquisition and
autotrack scquisition. Here, we shall confine ourselves to
the study of coarse spatial acquisition system. From the
system point of view, it is evpected that at the end of coarse

acquisition, the boresight axis of the Shuttle antenna must

~ be at least aligned with the direction of the TDRS position to

within the pull-in range of the autotrack system. Three
acquisition algorithms studied here can all acquire the TDRS

within the main lobe of the Shuttle antenna when the received CNR
at the receiver is not too high (< 75 dB-Hz). However, with a wide
dynamic range of CNR, one can identify the acquisition ranges of
these three schemes to be within sidelobes of the Shuttle antenna,
within the nulls of the main lobe and near 3 dB beamwidth of the
antenna, respectively.

The acquisition schemes used for the coarse spatial search

can be described as below:

(1) Normal scan - The boresight axis of the Shuttle antemma
is offset at most from the direction of the TDRS position
by an angle equal to the range of the first sidelobes
of antennas. In this case the hit declared by the
acquisition system may be due to either the main lobe or
the first sidelobe of the antenna and this is dependent
on the signal-to-noise ratio. Thus the autotrack

system should be initiated to search for the TORS position

58
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by the main lobe of the Shuttle antenna.
(2} Normal scan plus the avoidance of the sidelobe acquisition-

The scan will put the boresight axis
of the Shuttle antenna within null angle cf the

main-lobe of the antenna from the TDRS position.
For this case, the acquisition procedure is ended
at the acquisition of the TDRS position with the
mainlobe of the antenna. Thus the range of the
autotrack operation will be much smaller than the
previous case.

(3) Normal scan plus fine-search - At the end of the
acquisition, the boresight axis of the Shuttle
antenna will be within 3 dB beamwidth of the antenna
from the TDRS position. This scheme shall not only
avoid the sidelobe acquisition but also give a finer
range for the autotrack acquisition. Surely the
acquisition strategy for this case is much more complicated than
the previous cases.

2. Acquisition Strategies

The acquisition strategies for the three acquisition schemes
are depicted by flow diagrams in Figs. 20,21 and22, respectively.
For the normal scan, there are only two stages within the
acquisition--reutine scan and verification. While the Shuttle
antenna sweeps tihrough the whole uncertainty area along a
designated trajectory, the received signal energy at the
output of the signal detector is compared against a preset
threshold TH1. If the threshold is not exceeded, the search
continues until the end of the whole area. If this is the

case, the search fails to acquire and the search should restart

art.
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'n B Figure 20. Acquisition Strategy withNormal Scan.
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Figure 21. Acquisition Strategy with Normal Scan Plus
Sidelobe Scan.
START SPATIAL SEARCH
FROM CENTER OF
UNCERTAINTY REGION
EXHAUSTED
SEARCH CELLS ALONG
DESIGNATED TRAJECTORY MISS
WITH THRESHOLD THI
VERIFICATION ¥ HIT AT
CELL A MISs
WITH TH2
MISS
VERIFICATION
OF CELL A WITH
SEARCH CELLS ALONG W
MISS SIDELOBE TRAJECTORY
CENTERED AT CELL A /EXHAUSTED
ITH THRESHOLD TH2 T
_IT MISS
VERIFICATION WITH DECLARE END OF
HIT TH2 HIT | SEARCH, START
AUTOTRACK
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Figure 22.

EXHAUSTED

HIT AT CELL A

VERIFICATION
WITH TH2

HIT

Acquisition Strategy with Normal Scan Plus
Mini-Scans (Adjacent and Sidelobe Scans)

START SPATIAL SEARCH
FROM CENTER OF
UNCERTAINTY ZONE

EARCH CELLS ALONG
DESIGNATED TRAJECTORY
WITH THRESHOLD TH1

MISS

SEARCH CELLS ADJACENT
TO CELL A WITH
HRESHOLD THZ2

MISS
LN

VERIFICATION OF
CELL A WITH
THRESHOLD TH1

EXHAUSTED

EARCH CELLS ALONG™ EXHAUSIED

SIDELOBE TRAJECTORY
CENTERED AT CELL A
JITH THRESHOLD TH2

VERIFICATION
WITH TH2

MISS

DECLAKE END OF
SEARCH, START

AUTOTRACK I
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On the other hand, if the threshold is exceeded, a hit is
claimed and verification stage is entered. Once a second hit is

L.
s B o |

obtained, the acquisition of the TDRS is declared and the procedure

a—

of the spatial search s stopped; otherwice, the search continues.

O T MR — &

i; The second acquisitior scheme is designed to exclude the
r sidel. = acquisition which occurs for large values of CNR. Two
§ threshold levels are set up to distinguish the sidelobe acquisitions %”
[f from the mainlobe ones. The following rules for twd threshold ¥
! leyels are:
{é (1) For a specified probability of false-alarm, Pfa and
| - ' an operating range of CNR, a threshold TH1 is
: [E computed at the lowest value of CNR.
g (2) At the largest value of CNR, the second threshold TH2

against the detection due to the sidelobe ¢ antennas

is computed for the specified P

fa’
- (3) The threshold level TH1 should be used initially in the
: stage of acquisition. Once a hit is indicated, threshold
& TH2 is used for a mini scan to verify any sidelobe
-

acquisition. \

The status of the second acquisition can be briefly

O

classified into three stages--routine scan, mini-scan anc

o

verification. The procedure of the acquisition is similar to

- ——— s~

the normal scan, except that ithen a hit is indicated, the

| S—

acquisition enters a mini-scan stage. The purpose of the mini-

scan is to verify whether the hit H in the routine scan is causec

Pt |

by the main Jobe c¢f the autenna or by i1ts sidelobe. The

L o——

trajectory of the mini-scan is a circle centered at the nosition

of the hit H with radius R = 2.5° (for 0p = 0.8 degree of antenna),

o[:'n(?om -
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which is the separation distance between the first sidelobe and

the mainlobe, see Fig. 23. Regardless of hit or not after exhausting
the mini-scan trajectory, the acquisition enters a verification
stage, as indicated in Fig. 21.

There are two different cases for verification. First, the
verification of a hit during mini-scan searcn reguires nc change
in threshold level. If a second hit is observed during this
verification stage, the search is terminated and the system
enters autotrack mode for refine acquisition; otherwise, it
returns to mini-scan. For tle second éase, in which no hit was
observed in mini-scan, the antenna is moved back to the position
of hit H in the routine scan for a verification. This case will
lower the threshold level to TH1. If a hit still is observed,
the acquisition procedure terminates and enters the autotrack
mode; otherwise, the routine scan is resumed.

In ~ddition to the strategy used in the second scheme,
the third scheme will scan the cells adjacent to the hit H in
routine scan to acquire the TDRS position within the beamwidth
if the bit was caused by small offset from the TDRS position (it
happens when the CNR is around 80 dB Hz). The signal energies
received in the adjacent cells are compared and the cell with
the strongest signal energy will be chosen as the right hit.

If there is no hit in the adajcen* cells, the system will
proceed the mini-scan as proposed for the secc 1 scheme. The
flow diagram of th: thirc ..reme is shown in Fig. 22.

(3) Performance of Acquisition Systems

The performance of the acquisition systems will be measured
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A Circle of Radius 2.5°
1,
/
Trajectory for
Adjacent Scan

First Hit

,' '&‘ Trajectory for
<

Sidelobe Scan

\\\_// /

Figure 23. Tiajectories for Normal Scan Plus Mini-Scans
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by the average acquisition time in acquiring the TDRS positior. The
mathematical analysis of the acquisition performance is
rather complicated because of the following reasons:

(1) Nonuniform probability distribution of the TDRS

position.

(2) Nonuniform mechanical dwell time for each cell.

(3) Complicated acquisition stretegies, such as mini-

scan and fine scan.
However, a computer simulation program was developed for the
study of the performance of acquisitions for various system
conditions such as the probability distribution 2f the TDRS
position, trajectories of Shuttle antennas, motion along the
trajectory, CNR, probability of false alarm, probability of
detection and different acquisition schemes. Figs. 24-26
give the performance of typical acquisition systems obtained using
the simulation program. The simulation program and its capabilities
are documented in Volume II of this report.

The scan time required to acquire the TDRS pocition was
obtained through Monte Carlo approach. There are 500 simulated
TORS positions for each run. The analytic results given in
Figs. 20 and 21 have been closely verified through the simulation
program for CNR = 60 dB-Hz and normal scan acquisition algorithm.
In addition, the third acquisition algorithm with combination of
constant angular velocity and the constant speed along a spiral
trajectory was also tested. Their results are plotted in Fig. 26
(also in Table II) for CNR = 60 dB-Hz and CNR = 80 dB-Hz. 1In

these cases, we assume that the transition from a normal scan
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) Figure 24. Average Spatial Acquisition Time for Constant
[ Angular Velocity.
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Figure 25. Average Spatial Acquisition Time for a Mixed Mation,

Maximum Scan 64.4 sec
Spiral Trajectory with 30% Overlap
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ACQUISITION STRATEGY AND A MIXED MOTION ALONG
SPIRAL TRAJECTORY OF 305 OVERLAP.
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to adjacent scan, or to sidelobe scan and vice versa, takes 0.0/sec
[g and that motions along both the adjacent scan and the sidelobe scan

are the constant angular velocity with respect to their scan center.

[j It shows that at high CNk, the spatial acquisition is much shorter

i} than that at a lower CNR, since the sidelobe scan and adjacent scan
help shorten the scan time. Therefore, the third acquisition

[} algorithm should be recommended for the consideration of the Ku-band
acquisition system if the operating range of the CNR is wide,

IE . such as that used for this study, and if the side-lobe acquisition

{; imposes a potential problem to the system performance.
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Table II. Acquisition Time for Third acquisition Algorithm
with Mixed Motion Along a Spiral Trajectory of .
30%. A
60 dB-Hz 80 dB-Hz :
% Average Scan Time Average Scan Time
1.5 11.48 2.675
2.5 15.4 5.386
3.5 23.1 9.287
4.5 22.75 12.58
. = ° =
# o 10°, 8g 1.6 :
-0 = 5.5°, fc =0.3 cycle/sec, Ve = 5.044 degree/sec
(’. 2
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VI. COMPUTER SIMULATION OF KU-BAND ANTENNA POINTING
= ACQUISITION SYSTEM

e L

(1) Introduction
The Ku-band antenna pointing acquisition systems based on

the noncoherent signal energy detection and scannir3j scheme

—

discussed previously have been simulated by digital computers

for the tr-Zeoft study in the design of the Shuttle antenna

)
P )

acquisition. Several acquisition algorithms implemented are

given to provide flexibility in accommodating the different

~—

i ' operating ranges of autotrack systems. The acquisition strategies

/3

are primarily oriented toward the avoidance of the first side
{; lobe acquisition in the spatial search. In addition, the
! simulation also provides various options on the scan trajectories,

scan rates and a wide range of CNR. It essentially integrates

|

the effect of interaction of spatial search acquisition schemes

1
| SRSV |

and the noncoherent signal energy detection. So the simulation

program is avle to support the design of hardware development.

m

The simulation program was written in Fortran IV for the

Univac 1100 series computer. Origine’ly, it was developed for

time-shared operation, which is available at LINCOM Corporation.

— —

However, the program can also be used for batch processing with
[j some modification. The program censists of 19 internal subroutine
!

references and two external subroutines MERFIC (from IMSLS package)

s d

and BSSL (from MATHPACK) which are normally available for

computer systems.
The computing time to run the simulation program depends on

the number of tests on the TDRS position and the number of

o[:. n c)m e
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samples taken for channel noises. These two variables are also

provided as options for a user. The higher the values of these

two variables, the higher the accuracy in predicting the acquisition

performance and the longer the CPU time. The CPU time for a

typical case is well within 10 sec if the number of noise samples

is one and the number of simulated TDRS position is less than 500.

The simulation program provides various options for users

to test system performance for a wide range of system parameters.

The following options included are:

(1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)
(9)

The size of uncertainty cone of the TDRS position and
its statistical distribution function over the cone.

The antenna pattern of the Shuttle receiver (3 db
beamwidth).

The types of antenna scan trajectories--square, hexa-
gonal or spiral with different overlap.

The scan rates--constant angular velocity, constant
speed along a trajectory or combination of both previous
cases (also a switching angle es).

The probability of false-alarm and the operating range
of carrier-to-noise ratio (CNR).

The receiver parameters--dwell time of the signal energy
detector, IF filter bandwidth, insertion loss and other
circuit losses.

The number of TDRS positions used in the Monte Carlo
simulation.

The number of samples taken for channel noises.
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(10) The choices of a detailed printout or final results
in the simulation.

The simulation program was structured as functional modules
so that each subroutine can be easily replaced to adopt to
any required function. For instance, the antenna pattern used
in the simulation can be simply replaced by other types of 4
antenna pattern. To do so, one shouid remove the subrou...e
ANTNNA and substitute an equivalent subroutine ANTNNA.

The simulation results are presented in two versions--one
for a time-shared mode and the other for a batch process mode.
For the time-shared mode, the computer asks for input data
through interaction with users. A typical output generated by the
simulation program consists of the following important parameters:

(1) The threshold TH1 and TH2 used for the signal energy

detector in a normal scan and in mini scans (such as
adjacent and sidelobe scans), respectively.

(2) Total number of cells to cover the whole uncertainty

region.

(3) Maximum scanning time (= time spent to reach the last

cell through normal path only).

(4) Average scanning time and corresponding standard

deviation.

(5) "Probabilities" of detection, miss and false alarm.

A sample printout is given in Fig. 27.

(2) Functional Diagram of Simulation Program

To clarify the main functions performed in the simulation,

a flow diagram of the simulation program is depicted in Fig. 28.
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} 10.,1.6,3

20,
- 1
j 108.

1.e-3,60.,80,.
600 ,601’10

5- ,6.,105,0-
‘500

|

RADIUS OF UNCERTAINTY REGION:
(@ BEAMWIDTH:

NUMBER OF CELLS: 302

¥

MAXIMUM SCANNING TIME = .3217689+02 SECONDS

e

NUMBER OF SATELLITE POSITIONS GENERATED:
STANDARD DEVIATION:

—

CARRIER-TO-NOISE RATIO:
ACQUISITION AVERAGE TIME:
STANDARD DEVIATION:
PROBABILITY OF LETECTION:

sy S wen

10.0000 DEGREES
1.6000 DEGREES

SPIRAL TRAJECTORY: OVERLAP =  3C.0000 ¢
CONSTANT ROTATICONAL SPEED: 108.0000 DEGREES/S
| PROBARILITY OF FALSE ALARM: .1000-02
E{Z CNR EXPECTED RANGE: 60.0000 DB - §0.,0000 LB
) INTEGRATION TIME: 5,0000 MS
- IF FILTER BANDWIDTH: 6.0000 MHZ
{‘ INSERTICN LOSS: 1.5000 DB
- OTHER LOSSES: .C000 DB
[: THE PROBABILITY OF FALSE ALARM WAS RAISED TO 0.1 TO AVOID SIDELOB
...E DETECTION
[; WHEN CNR = 80.00 DB/HZ
[: THRESHOLDS: TH1 = 1.05681i41 TH2 = 1.2276665

ORIGINAL PAGE IS
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500
. 1000000+01

.6000000+02 DB
.3023562+01 S
.2362385+01 S
. 1000000401

PROBABILITY OF DETECTION (SL. VAR.): . 0000000
f PROBABILITY OF MISS: . 0000000
PROBABILITY OF FALSL ALAEM (IN THE SIMULATION): . 0000000
E Figure 27a. A Sample of Input and Output Data.
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Figure 27b. A SAMrLE OF INPUT DATA FOR BATCH PROCESSES
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Figure 28. Functional Flow Diagram of the Sirwlation Program.
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The TDRS position is simulated by a random ge-erator with a
specified distribution function. To measure the spatial
acquisitisn time of the TDRS position, a set of simulated TDRS
positions is tested for a specified trajectory and scan rates
(speed for constant angular velocity and/or constant velocity
along a trajectory). The simulated data reported here are all
obtained by 500 simulated TORS positions.

in the simulation program, the acquisition monitor is not

a separate unit, but ‘mbedded in the subroutine ACQ. This is

- implemented just for the corvenience in programming. The

detailed structure of the program is referred to Volume V.

(3) Capebilities of ~~rtware Package

The program deve:.ped for the Ku-band antenna pointing sy<tem
provides various options in the :ize of uncertainty cone for the
TDRS positions, the type of scanning and trajectories, and spatial
acquisition algorithms. Here are the capabilities of the software
pi ckage :

(1) Conical angle of the TDRS position can be 4°, 8° or 10°.

(2) The variance oﬁ of a priori probability distribution

function of the TDRS position can vary from 0.1° to 10°.

(3) Antenna pattern can have beamwidth > 10°.

(4) Three scan trajectories and wide range of scan rates

(but limited by electrical dwell time) are available.

(5) The noncoherent signal detector can be operated over

a widé runge of CNR and BIFT product greater than 1000.
(6) Spatial acquisitiun algorithms wih/without avoidance

of sideiobe acquisition are selectable.
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(7) Probability of false alarm can be from 0.5 down to 10'7.

(8) The number of TDRS positions in Monte Carlo sirwlation

can be selected by users. But it is limited by the CrU
time in executing the simulation program.

In addition, the software package also provides a useful
feature for system designers to interact with a cosputer if the
time-shared facility 1s available. Upon user's chaices, a detailed
spatial acquisition procedure can be printed out for a closed
examination on the behavior of acquisition systems. Finally
one should also note that the application of the software
package should not be limited Lo the hu-band systom parameters
even though it is oriented toward the study of Ku antenna pointing
systems.

(4) Computer Pregram Utilization

The simulation program was .csianed for two modes of usage--
batch process and tive-shared modes.  Since the conputer program
was originally developed through time-shared wode, it provides the
mechanisn of interactions between computers and users.  However, this
set of interactions should be suppressed for the batch processing.

In order to run the program in batch, one should provide the same Set
of input data as one type in input data in the time-shared mede.
except for the first input data. To illustrate the detadls of the
input data requircd, several examples are given in Figs. 07 and 0}

to show the options availanle in the simulation and the correspondiag

sets of input data for the batch process are also listed.
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INPUT DATA (FREE FORMAT)

(REAL) RADIUS OF UNCEKTAIATY RLGICH (DEGHEES)

(BEAL) FEANWICTH (DEGREES)

(IKTG) 7TYPL OF TRAJECTORY: 1(SQUARE) Z(HEXAGOHKAL) I(SPIRAL)
210,,1.6,1

(IKTG) TYPE CF MCTION:
1 - CONSTANT A'GJ'AP VELOCITY

2 - CONETANT VPIOTITY JIONS TEAJECTCRY

3 - CCr Elhx‘lk“ O "".15P new

>2

(REAL) AMGULAT VELCCITY (DECL EES/S)
(REAL) VELOCITY ALCNG TRAJEC/OLY (DEGREES/S)
>108.,5.04¢

(REAL) PRCEABILTYTY OrF FALSE ALACRM

(REAL) EXPECTLD RINIMUM CARRIER-TC-NQISE FATIO (DB)

(EEAL) EXPLCTED MAXIMUN CANRILE-TO-NCISE KATIC (DB)
>t.e-u €2, 80,

CN® VALUES TO BE USED IN THE SIMULATICH
(RLALY (MINIMUM, MAXIMUNM, INCREMENT.GE.O.)
>69.,80.,5.

RECEJVES PARAMLTEYS:
(REAL)Y INTEQEATICNL TIML  (FS)
(REAL) IF FILTLE RANTWIDTH (FHZ
(REAL) I.'.'ss°"~: LCSS (D)
(REAL) OTHEE LCESE3  (DB)
256.,6.,1.5,0.

(INTG) NUNMBLE Cr SATELLITE POSITICHNS TO BE GERERATED DURING THE SINULATION
2500

(INTG) € - SATELLITYE POSITIONS ARE G
1

- SATELLITE POSITICNS AVE

21

(RPeAL) STANDARD DEVIATICN VALUES: (MINIMUM, MAXIMUM, INCREMENT.GE.O.) INK LCEGRLES
22.5,2.5,1,

(iKTG) INTERWELIATE RESULTS: INC(O YES(Y)
>0

TRANSITICN MODES AKD VERIFICATION TIMES:
(REAL) NOFMAL TO SILLLCOBE STARNING
(REAL) NOPMAL '7C SUBBOURTING CELLS SZANKING
(REAL) VERIFICATION TINME
>1.e~3,1.¢-3,5.¢-5

AL PAGEHS
SCANNING SCHENE: QRIGINR QUm
(INTG) Q= no®rii »azi Ly OF POO!

Y < EORNAL Path AbD SiDETORE CELLS

2 - NORUAL PATH, NEABBY, AND THLE 3IDELGDE CELLS

>0

(INTG) NUMBEK OF NOISE SAMPLES (EVEN  1<¢(.)<20 )
b

Figure 29. A Lomple Interaction Between a Computer and User.
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INPUT DAGA (¢ SEE FCEMAT)

(EEAL) EDINS OF
(REAL) ELANWIDTH
CINTG) TYPE OF YHAJECTORY:

310.,1.6,3

UNCEETAINTY HEGY

(REAL)
»30.

OVERLAP
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(5) Functional Descriptions of Subruutines

The functions of each subroutine used in the computer program
for UNIVAC 1100 series are briefly described one-by-one here.
Their flow charts and detailed documentations are given in
Volume II separately. The description of subroutines is
given in alphabetical order to be consistant with the computer
printouts from UNIVAC 1108 time-shared mode. The program is,
in fact started from MAIN then STMULA. The subroutine SIMULA,
the core of the simulation. cells and monitors the operations
of the Monte Carlo simulation.

Subroutine ACQ

This simulates the acquisition algorithms discussed
previously. The variable NULL, used to select the type of
the acquisition algorithms for the simulation, is defined as
follows:
NULL = 0 for normal scan
1 for normal scan plus cidelobe scan

2 for normal scan, adjacent scan and
sidelobe scan

In the process oi the spatial acquisition, the time spent in
any scar, including the tiansition from one scan to another
and verification time, is accumulated as one of the outputs of
the subroutine. The other important output parameters of the
subroutine are:

(1) The status of the spatial search--success or failure

(IPMISS and IPDET).
(2) Mow to acquire--the detection was declared by a normal

scan or plus sidelobe scans (IPDSL).
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(3) The acquired location of the TDRS (KHIT (IHIT)).
Subroutine ANTNNA

The antenna pattern of the simulated Shuttle receivers is
assumed to have a first sidelobe of -175 dB from the peak of the
main lobe. The antenna gain is computed from the offset angle
between the simulated TDRS position and the boresight axis of
the Shuttle. Hence, the offset angle (TH) is an input variable
in addition to the parameters characterizing the antenna (THB,
PATTC). A control variable K is used for computing the

antenna parameters as shown here

K = -2 for computing the angle of first null

-1 for computing the angle of the peak of
of the second sidelobe

0 for computing the angle of the peak of the
first sidelobe

+] for -3 dB beamwidth

2 for normal .. ge in computing the gain
of the anteana at offset TH.

Subroutine CELL

For a specified trajectory (KSCAN), the subroutine computes
the locations of search cells (XCTR,YCTR) along tﬁe trajectory
and the scan time to reach each search cell from the designated
center of the uncertainty zone of the TDRS position. The scan
time is computed by calling the subroutine TCENTR. Hence, it

requires the following input variables

KSCAN = 1 for square trajectory

2 for hexagonal trajectory
ORIGINAL PAGE IS
OF POCR, QUALITY

w

for spiral trajectory

o[i'nC)om —
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MOTION = 1 for constant rotational speed
2 for constant speed along trajectory

3 for constant rotational speed first
then constant speed alc:j trajectory

VANG = angular velocity for constant rotational
speed (in radian/sec)
VLIN = constant speed along trajectory (in radian/sec)

To ensure the electrical dwell time to be smaller than KD times

of the minimal mechanical dwell time, a warning is printed out
if the antenna scan is too fast. In the subroutine KD is set
to be 10

Subroutine GAUSS

This is a Gauss random gererator whose mean and standard
deviation are specified by AVR and SIGMA, respectively. The
Gaussian samples are obtained in pair by the following simple

relations

2 o(-2.1n x])]/z coS 2nX2 +y

y, = ol-2.1n )% sin 2nx, + 4

1

where X and X, are a pair of independent random variables uniformly
distributed between 0 and 1, and ;, and 02 are its mean and variance,
respectively. The algorithm has been tested for its mean, variance

and skew coefficient. The recults show that the alaorithm gives

. high confider - in its statistical nature.

Subroutine HIY

The signal energy detector is sinwulated by this subroutine.

The received signal enargy (sum of signal power and noise power)

o[}HC)IM
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is compared with a preset threshold (TH). If the threshold is

b - ‘ 2

crossed, a hit is declared (HIT=.TRUE.); otherwise, no hit is given.

g The input variables are the position of the TDRS and the location

| —

of the boresight axis of the Shuttle antenna. The offset angle

1ETA is computed, then the antenna gain by calling subroutine

B = ot

ANTNNA, the signal power and noise power.

Lon Subroutine HPOSTN

This subroutine computes the ceaters of hexagonal cells along

?
i* f . the hexagonal trajectery. The computation is proceeded from
f ; {3 kR cetl to (K+!)§ﬁ cell.
o 5 Subroutine ITR
[ This subroutine implements the iterative algorithm needed
% ; in solving for eqs. (20) and (21). The control variable K
| _ is used to indicate the application of the algorithm to eq. (20)
g or eq. (21).
[ MAIN
g [i | The function of the MAIN defines the dimension of variables
! ' used in the simulation. The program has been set to deal with
( E : the maximal rumber of search cells to he 500. If the number
% % r of the search cells goes beyond 530, one should expand dimensions
% - of all variables in the first dimension statement.
§ MAIN/MAP
i This is a set-up for executing the simulation program. Two
j {j system subroutine packages--MATHPACK and IMSL--are called to
: ‘ ﬂ: satisfy the external references. " ORIGINAL PAGE I8
| Subroutine NOISE OF POOR QUALITY
t ) ri The simulated channel noise power at the output of the integrator
E i
" E ¥ o[}n(:)om —
|
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is computed here. The number of samples for equivalent Gaussian

noises is set by the variable KNOISE.

Subroutine QPOSTN

It computes the center of (K+])§n-search cell from the known

center of the KHl search cell along the square trajectory.

Subroutine SIMULA

This is the core of the simulation program. It reads in the
i

{] data, prints the outputs and also monitors the operaticn of the

program. The detailed operation of the subroutine is referred to

in Volume V.

{] Subroutine SLCELL
(1

The search cells alons a sidelobe trajectory and adjacent
cells to a hit cell are computed here. The adjacent cells are
[j structured as those for hexagonal cells. Hence, the number of
the adjacent cells to be scanned is fixed as six. However,

[] the number of cells for the sidelobe trajectory varies depending
upon the type of trajectory used for normal scan.

]
J Subroutine SPOSTN

It computes the center of (K+1)-SiE cell along a spiral

trajectory from the known center of the KEﬁ cell.

LA

3 Subroutine TCENTR
It computes the scan time required foi~ the Shuttle antenna
j to sweep along a trajectory to reach a spatial point in the
| {3 uncertainty zone of the TDRS position. It requivres to input
t'w type of motion, scan rate (constant rotation cnd/or constant
[} speed along a trajectory) and the coordinates of the point.

E _ o[}n@m —
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Subroutine TDRS

The subroutine nenerates a simulated TDRS position according
to a specified Gaussian distribution. If a Gaussian sample falls
outside the uncertainty zone of the TDRS position, it is discarded
and another sample is taken. 1Its input variables are SIGMA,

THM2, and its output variables XTDRS and YTDRS.

Subroutine TH1THZ

The setup of threshoid levels used for spatial acquisition
is done in this subroutine, The threshold TH1 is first computed
for the given probability of false-alarm under the channel noise
condition. Then it checks the probability of detection Pfas
due to the second sidelobe of the Shuttle antenna at the
maximal value of CNR in the specified operating range. If Pfas
is larger than the given probability of false alarm, the threshold
is adjusted to yield at least 0.1 probability of false alarm
due to second sidelobe at the strongest CNR. This implies that
the probability of false-alarm at lowest CNR is much smailer
than the specified one.

The threshold TH2 is computed based on the assurance of
having the speci “ed probability of false alarm due to the first
sidelobe at strongest CNR.

Subroutine UNIFCR

This is a uniform random gencrator over {(0,1). A pair

of output samples are generated for each cell.

i
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VII. SUMMARY AND RECOMMENDATIONS

The Ku-band antenna pointing system has been discussed and
simulated by digital computers. Through the analytical and
experimental results presented in this report, one may lead to
the conclusion that the spiral trajectories with various scan
rates (mixed motion) should provide the flexibility for the Ku-
band antenna spatial scan over the TDRS uncertainty region and that
the third acquisition algorithm proposed should not only avoid
the side-lobe acquisition problem, bu’ also yields a shorter
acquisition time especially when the received signal at the
Shuttle is strong.

With the various optio- .vciicble in the software package
developed for this stud:'. »ne ~"ould be able to perform, with ease,
tradeoff study on the system parameters to yield an "optimal™®

system performance.
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