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SL(t) = sin th -1

where wp = 2m « 1550.075 MHz + AwL, and AwL is a frequency error
caused by oscillator instability in the satellite or at the Rosman
Earth Terminal (depending on satellite operating mode). Given
that the channel is modeled as shown in Figure 2-37, the received
signal at the maritime terminal is of the form

SLR(t) = a(t) cos th + b(t) sin th (2-2)

Neither the L-band receiver's local oscillator nor the oscilla-
tors in the CW down-converter are perfectly stable. However, the
down-converter's local oscillator is adjusted to compensate
approximately for these frequency errors so that the 2 kHz output
of the CW down-converter is of the form

Sz(t) = a(t) cos wzt + b(t) sin wzt (2-3)

where wy = 2w s 200 Hz + sz and sz is the frequency error caused
by all of the imperfect oscillators previously mentioned. It was
estimated that Aw, would not exceed + 2m + 50 Hz between recalibra-
tions of the down-converter local oscillator frequency. Thus, the
2 kHz output was always within the bandpass of the CW down-con-
verter and digitizer filters.

The complex envelope components of the 2 kHz output are con-
verted to baseband filtered and digitized as follows: First,
Sz(t) is synchronously detected against in-phase and quadrature
reference signals at 2 kHz which are derived from the frequency
standard in the maritime terminal.

After low pass filtering, the in-phase and quadrature baseband
components are of the form

1]

I Sz(t) cos w.t (low-pass)

(2-4)

a(t) cos Amzt + b(t) sin Aw,t
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Q = Sz(t) sin w.t (low-pass)
(2-5)

= - a(t) sin bw,t + b(t) cos szt

where Aw, = wy - Wi The I and Q components are sampled, digit-

ized, ang recordedrat 200 complex samples.

It is interesting to note that the effects of oscillator in-
stability, sz, are mixed with the channel effects, a(t) and b(t).
Thus, the I and Q samples (and the analog recorded 2 kHz signal)
contain information pertaining to both of these effects. It is
desirable to include oscillator effects with the pure channel data
because, in fact, the transmitter and receiver component character-
istics (filtering, component drift, etc.) constitute part of the
communication channel characteristics.

The recorded I and Q data contain the information necessary to
extract the narrow-band channel model parameters defined above. In
particular, the relative multipath power can be derived by analysis
of the envelope of the baseband process, [I2 + Q2]1/2. The band-
width of the multipath process can be derived by a spectral
analysis of the complex baseband process, I + jQ. These techniques

are discussed in Section 3.

2.3 DATA ACQUISITION SYSTEM

2.3.1 Analog Recording System

The analog recording system for the equipment terminal onboard
the cutter utilized a Sangamo Sabre II tape recorder. This
machine is a 14-track (plus edge track) tape recorder which
uses 1-inch magnetic tape. It has a full set of input electronics
for both direct and FM recording as well as a full set of electron-
ics for FM and direct reproducing. Thus, during an experiment the
equipment operator was able to monitor continuously all pertinent
signals to insure signal continuity and to be aware of any electron-
ics problems. Spare input and output electronic cards were stocked
in the shelter. Table 2-13 contains a list of the signals recorded

and their channel allocation.




9 TABLE 2-13. TAPE RECORDER PATCHING CONFIGURATION
CHANNEL STGNAL
3 CH 1 (direct) Bell ANBEM/DPSK  Voice
[ CH 2 (direct) Bell ANBFM/DPSK Data
! CH 3 (direct) Bell ANBFM/DPSK Clock
CH 4 (direct) Bell Hybrid Voice
3 CH 5 (direct) Bell Hybrid Data
: CH 6 (direct) Bell Hybrid Clock
CH 7 (direct) Magnavox Hybrid Voice
CH 8 (direct) Magnavox Hybrid Data
! CH 9 (direct) Magnavox Hybrid Clock
CH 10 (direct) Time Code IRIG B
CH 11 (FM) Ranging Data
CH 12 (direct) CW Multipath Data
CH 13 (FM) Bell Hybrid (‘,/No
CH 14 (FM) Magnavox Hybrid (?/N0

All signals to be recorded went to a patch panel as did each
of the tape recorder inputs. Signals were then patched easily to
the given tape recorder input. The patch panel also provided for
easy reconfiguration of the analog recording format. Failure of
one recording channel thus did not result in extensive loss of
data.

2.3.2 Digital Data Acquisition Module

The digital acquisition module (Figure 2-39) was designed to
operate in conjunction with the equipment in the shipboard terminal
and steerable antenna.
between the measured analog, synchro, and digital signals and an
9-track Kennedy digital tape recorder.

The module provides the necessary interface

2.3.2.1 Module Description - The module time multiplexes, digitizes,

and encodes 15 parallel inputs into a sequences of 8-bit bytes which
are recorded directly onto the Kennedy tape recorder.

A block
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diagram of the signal flow through the module is shown in Figure
2-40. Sampling time can be set with an external or internal time
base. For this experiment, the internal time base of S0 ns was
used along with a preprogrammed accessing of the 15 input signals,
The sampling or time base, called a data cycle, represents one com-
plete sample of the 10 slow speed inputs (heading, roll, pitch,

X- and Y- servo errors, azimuth, elevating time, and X- and Y-axis
positions) together with 10 samples of the § high-speed inputs (CW

multipath, X and Y receiver errors, AGC, and receiver lock).

A unique word of 1 byte of zeros and § bytes of ones preceed
each data cvele. Figure 2-40 illustrates how the data representing
one data cvcle are recorded on the magnetic tape. Larger segments
of data termed records contain 11 such data cycles. The signal
inputs are either converted to 2's complement or binary coded
decimal and then simply time multiplexed in 8-bit byvtes to the
tape recorder. A visual readout in either decimal or hexadecimal
is also available on the front panel of the module. Any one of the

1S input signals can be measured from this visual readout.

2.3.2.2 Module Performance - There are five analog inputs to be
butfered, scaled, and converted to a 12-bit, 2's complement digital
word. These signals are the AGC, X- and Y-servo, and receiver
errors., The A/D converter has an input dynamic range of + 10 VDC

and an aperture time of 50 ns

2.3.2.3 AGC - The AGC input of the module will accept and convert
a voltage within the limits of + § VDC. AGC comes trom the track-
ing receiver and has a dynamic range of zero to -5 VDC. The module
buffers, scales, low-pass filters, and inverts this voltage and
drives the A/D converter with zero to + 10 VDC. The low-pass fil-
ter has a single pole at approximately 47 Hz. The 11 most signifi-
cant bits are multiplexed to the recorder in 2's complement. This

vields 0.04883 volts per bit resolution for AGC.
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2.3.2.4 X-Receiver Error and Y-Receiver Error - X- and Y-receiver

error signals originate in the tracking receiver. The module buf-
fers, low-pass filters, and scales by a factor of + 2/3 before it
drives the A/D converter. The low pass filter has two poles at
approximately 2.5 Hz. The 10 most significant bits are multiplexed
to the recorder in 2's complement. This vields 0.0293 volts per bit
resolution of X- and Y-receiver error. The module accepts a voltage
within the limits of + 13 VBC.

2.3.2.5 X-Servo and Y-Servo Error - X- and Y-Servo error signals

originate in the antenna controller. Thke module buffers, low-pass
filters, and scales by a factor of + 2/3 before it drives the A/D
converter. The low-pass filter has two poles at approximately 10
Hz. A1l 12 significant bits out of the A/D converter are multi-
plexed to the recorder in 2's complement. This vields 0.007324
volts per bit resolution of X- and Y-servo error. The module

accepts a voltage of within the limits of + 13 VDC.

-

2.3.2.6 Svnchro Inputs - The five synchro input signals are the

heading, roll, pitch, and X- and Y-axis position. These signals
originate in the antenna controller. They are converted to a digi-
tal format with the following bit values. All 14 bits are recorded
on the Kennedy recorder. (See Table 2-14.)

The remaining S digital signals (time code, receive lock, CW
mulitpath, azimuth, and elevation) are standard TTL levels.

2.3.2.7 Time Code - The time code consists of 42 bit BCD, positive
logic with 1 ms resolution. All 42 bits are multiplexed to the

Kennedy recorder.

2.35.2.8 Receiver Lock - Receiver Lock 1s one bit positive logic, is

multiplexed to the recorder each high speed cvcle.

2.3.2.9 CW Multipath - CW multipath is a 16-bit positive logic

word, is multiplexed to the recorder each high speed cycle.
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2.3.2.10 Azimuth - Azimuth is multiplexed to the recorder as a 10-

bit BCD word. This is sufficient for 0.359° with one degree re-

solution

as

2.3.2.11 Elevation - Elevation is multiplexed to the recorder

a 9-bit BCD word with sign bit.
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3. DATA ANALYSIS

1 3.1 INTRODUCTION

The data analysis procedures performed in this report are
designed to support the basic technical objectives of the ATS-6
test program. These objectives include the evaluation of the
experimental antenna in its autotrack and slave modes; the per-
formance of the voice, digital data, and ranging modems, and the |
characterization of the marine propagation channel.

3.2 DISCUSSION OF TESTS

3.2.1 Antenna Tests

i The antenna was designed such that the boresight pointing
error would not exceed 12°. This angle corresponds to the 1-dB

contour of the antenna's sum pattern. The antenna data analysis
therefore consists in part of computing the boresight pointing
error and comparing it against the design specification.

The antenna's performance in the autotrack and slave modes
are also compared on the basis of a defined figure of merit.
Section 3.2 defines the figure of merit, which is simply a com-
parison of performance in each mode to that of a fixed position
antenna.

3.2.2 Modem Tests

The data analysis is also concerned with the evaluation of
the operational performance of the voice, digital data, and ranging
modems. Tests were conducted to determine the voice intelligibil-
ity, bit error rates, and ranging precision at given carrier-to-
noise power density ratios established during the testing.
Typically, the data analysis consists of the following: The word
lists recorded from the voice modem outputs on l-inch instrumen-
tation tape are transferred to 1/4-inch tape and sent to CBS

D ¥ ST ——



Laboratories®* in Stamford, Connecticut, for intelligibility evalua-

tion. The 1200 b/s data were decoded from the 1-in tape and the
number of bit errors and block errors computed. Ranging precision

was measured by computing the standard deviation of the time-of-

arrival of the ranging signal. As a result of various experimental

uncertainties, it was rather difficult to predict how well the
modems would perform under different conditions. To overcome this
problem a channel simulator was used to generate preliminary
curves of bit error rates versus carrier-to-noise power density
ratios, with relative multipath level as a parameter.

’ )

3.2.3 Multipath Tests

The CW multipath data were analyzed to determine the received

carrier-to-multipath ratios, multipath Doppler spread, and other
parameters. The C/M ratio was estimated by a graphical technique
i which consisted of fitting a theoretical cumulative Rician dis-
tribution to the histogram of the data. A second techniques which
used the method of moments and estimated the ratio from the second

and fourth moments of the sampled data was also used.

3.2.4 Antenna Pointing Error

One of the objectives of the ATS-6 testing was to evaluate
the steerable antenna under various sea state conditions. This
antenna is described in AMI (1974, 75). To accomplish this, the
antenna's X- and Y-servo positions and the ship's heading, roll,
and pitch were digitized and recorded on a l4-track tape recorder.
These data were subsequently stripped off the tapes and processed
by a PDP-10 digital computer. A set of equations relating the re-
corded data to the actual antenna elevation and azimuth to the
satellite was developed. These equations established the

a measured antenna azimuth and elevation and have the following

form:

-
Subsequently EPSCO Laboratories.




a = sin'l(cosR cos® cos¢ cosP - cosR sinP sin® - sinR cos® sin ¢)

(31
and

A, = H + g* (3-2)

where H is the ship's heading, 8' the satellite bearing from the
ship, a and A, the measured elevation and azimuth, respectively.
The quantitie; P, R, ¢, and 6 are the ship's pitch, roll, X-servo
position, and Y-servo position, respectively. The measured bear-
ing angle 8' was computed as follows:

g* = 360 - B if Xo >0 ) P 0 £35-3)
O 2 < T
B8 B Ko U e 50 (3-4)
g' = 180 - B 1if Xo <0 (3-5)
where B8 = tan'l(yo/xo)
and Xo = cosP sin® + sinP cos¢$ cosH
Yo ™ cosR cos8 sin¢g + sinR cosP cos® cos¢ - sinP sinR sin®

The computer program subtracts the correct azimuth and eleva-
tion from the measured azimuth and elevation to the satellite.
The differences represent the azimuth and elevation pointing
errors. An expression for the boresight error was computed, since
with a symmetric antenna pattern the received signal level is pro-
portional to this parameter. This pointing error was computed as
follows and termed the total pointing error TPERR,

TPERR = cos'l[(cos(Aa) cos(AAcosa))] (3-6)

where AA is the measured azimuth error and Aa the measured eleva-
tion error. These expressions were programmed on a PDP-10 com-
puter so that the variables could be plotted versus time and

statistically analyzed.




3.3 MULTIPATH DATA ANALYSIS

The object of the multipath data analysis is to derive param-
eters relevant to the channel model and to verify that this model
is valid for anticipated maritime satellite communications.

3.3.1 Narrow-Band Data Analysis

The narrow-band multipath data are in the form of samples of
the in-phase and quadrature outputs I and Q of the CW down-conver-
ter subsystem. These can be analyzed to determine the direct path
power-to-multipath power ratio, denoted C/M, and the Doppler spread
of the multipath fading.

Two techniques were employed to derive the C/M ratio: the
method-of-moments and the histogram techniques.

The received signal consists of a steady direct-path compon-
ent with power, C, and a multipath component of power, M. The
received composite amplitude, A, is characterized as a Rician

variate. The Rician distribution is given by

2 2
p(v) = v exp [- !m-; = ]Io (av) (3-7)

where

v =V7a '/g and a = V2 ‘lg (3-8)

and a is the ratio of the instantaneous amplitude, A, in the pre-

sence of multipath to the amplitude of the direct path component,

v2C. The received composite instantaneous amplitude, A, is directly
2

5
related to the recorded I and Q samples. Namely, A, = [I] + Qill/z.

Assuming that the received signal is a Rician fading process,
then the C/M ratio can be derived directly from the amplitude

samples. In particular, from Liv et al. (1973):




- p 2
o 2 Al (3-10)

i=1
n

o 1 1
i=1

and Ai are samples of the envelope of the tading carrier.

Cumulative distributions of the instantaneous received ampli
tude were also plotted. These histograms can be used to devive
estimates of C/M by comparing the experimental results with
similarly plotted histograms of a pure theoretical Rician process
at various C/M ratios. Figure 3-1 illustrates these theoretical
histograms for different values of C/M. The curves were generated
by integrating the Rician density p(v); i.e., relative trequency
= Q(x) = Jx r exp (» (vg*nz)/l) ln(av)dv. The moditied Bessel

function lo(av) was approximated with the asymptotic expression,
I (av) z —— for av > 10 (3-12)

For values of av <« 10 its series expression was used and terminated
when the ratio of the nth to (n-1)th term was less than 10’:. The
program to compute and plot these curves also shifted each curve
along the horizontal axis so that 0 dB always coincided with the

50 percentile. This made comparison of their slopes, the histo
gram technique for determining C/M, much easier. The comparison

is made based on the histogram slope in the vicinity of the median
amplitude point. In this way, the experimental data can be

associated with theoretical Rician processes with specitic /M

ratios.
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The experimental cumulative distributions are also used to
determine the fade depths which correspond to the 90 percentile,
the 50 percentile, the 10 percentile, and the 2 percentile of the
distribution for various satellite-vessel geometries.

The 1 and Q samples are analyzed using a fast Fourier trans-
form (FFT) to derive the baseband power spectrum of the received
CW probing tone. The observed spectrum includes the direct path
component and the multipath component, both of which may be
Doppler shifted by the effect of ship's roll motion.

3.3.2 Wide-Band Data Analysis

The wide-band probing data was processed by a 'quick look"
computer analysis, which was implemented to provide the desired
delay power spectra time histories. The analysis procedure also
provided correlation bandwidth, Doppler spread, and delay Doppler
scatter functions.

3.3.3 Voice Intelligibility Testing

The determination of voice intelligibility, as a function of
C/No’ via a satellite communications system, was one of the goals
of the experiment. Three modems were used, two of which had the
capability for the reception of a signal which contained both
voice and digital data on the same carrier. (See section 2.2.4
for a description of the modems.) Thus, voice data were received
in two modes: a simultaneous mode in which both voice and digital
data were received at the same time and recorded for future analy-
sis, and a voice-only mode in which voice signals were received by
themselves and also recorded for future analysis

A single test consisted of recording the C/NO ratio during
the reception of a list of 400 phonetically balanced words. A DC
voltage whose value was proportional to C/No was recorded simul-
taneously. Thus, by evaluation of the recorded data intelligi-
bility versus C/No could be determined. The determination of
intelligibility, which is simply the number of correctly inter-
preted words received, divided by the total number of words




received, and expressed as a percent, is done by a listener panel.
This panel consists of a group of 10 persons trained to listen to
the PB word lists. Thus, for any run an average intelligibility
versus C/No can be determined (Milner and Golab, 1975).

Calibrations were made for the modems in which the C/N° in-
strumentation voltage was plotted versus the C/No meter reading
from each modem. Also, the meter C/N0 was plotted as a function of
the actual C/N0 (see Figures 3-2 and 3-3). This was necessary to
insure that discrepancies between meter readings and actual C/No's
were accounted for. The actual C/N0 was calculated by measuring
the carrier power in the channel and then measuring the noise power
in the channel through a bandpass filter whose noise bandwidth was
40 kHz. Thus:

N - - D Tl ks
(./No (Pe)yp (lN)dB + 46 dB-Hz (3-13)
where PC = carrier power
PN = noise power in 40 kHz bandwidth.

The PB word lists along with C/No voltages as received at the
demodulator outputs were recorded in real-time on 14-track tape

for later analysis. Selected tapes were then reduced by re-record-
ing onto 1/4 in high output, low noise tape. These tapes were
sent to CBS Laboratories for intelligibility scoring.

3.4 DIGITAL MODEM DATA REDUCTION

This section discusses the data extraction and reduction pro-
cedures for digital modem data collected during the maritime-
satellite tests. The form of the data is discussed first, followed
by methods for determining probability of error versus signal-to-
noise ratio, and block error statistics.

3.4.1 Data Formatting and Data Recovery

Digital modem performance is measured by transmitting a known

PN sequence through the communication channel and observing errors

|
|
|
|
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in the received and demodulated PN sequence. This was done in
real-time on board the Coast Guard ship in order to obtain pre-
liminary system performance estimates. The received sequences were
also recorded for later detailed analysis. Antenna pointing data
and multipath data are also recorded during the modem tests and

can be correlated with modem data in those cases where antenna
pointing errors or multipath may have been of sufficient magnitude
as to influence modem performance.

In order to facilitate recording of the received PN sequences
on an instrumentation tape recorder using direct-mode equipment,
the digital sequences were Manchester encoded. The received clock
output of each modem under test was also recorded for future
analysis. Three different modems were tested simultaneously using
the same satellite down-link signal. Thus, six tape tracks were
used to record the three Manchester encoded received PN sequences
along with their associated clock signals. In addition, analog
signals were recorded from C/N0 measuring circuitry on the two
hybrid modems. Finally, a time code was recorded on all analog
tapes.

Recovery of the Manchester encoded data is straightforward
using the circuitry shown in Figure 3-4. For a single channel
(modem) as shown, Manchester encoded data, clock, time code, and
analog C/No signals are simultaneously reproduced by the instru-
mentation tape recorder. The data and clock signals are processed
through comparator circuits for TTL compatibility in risetime and
amplitude. The clock signal is then rephased to the data signal
to compensate for differences in head skew in the recording and
reproducing tape recorders. The rephased clock signal is then
exclusive OR'd with the data signal and the result enters a
Hewlett-Package 1645A data error analyser. The analyser compares
the input PN data stream with an internally generated replica of
the transmitted code and detects bit errors, block errors, clock
slips, and carrier dropouts. This information is printed on paper
tape in parallel with the time code information. The (‘./N0 signal
is simultaneously recorded on a time coded strip chart recorder.

3«11




(NMOHS TINNVHD dTYNIS) NOILONddY VIvd 1TVLIIOIA

YILNIAd
TVLIOIA

YAZATYNY
40ddd v1vd
VS¥91 dH

LIND¥ 1D
INI¥ILSTHD
-NVWiQ

‘y-¢ FANOId

- ELet-(oREL|
3dVl
NOILVINIWMELSNI

3000 WIL
HAavId 4002 IWIL
A4LINDYID
9INISYHd
A2071D :
0TI 9x1No1LIANOD 212
TYNIIS
viva 2 VIva
43040234
LAYHD
dI¥l1s oN/D




PN sequence transmission from the satellite was continuous

for time intervals on the order of 20 min. and longer. However,
test conditions were varied on board the vessel during these trans-
mission intervals. In particular, the effective carrier-to-noise
power density ratio was changed by the addition of a calibrated
amount of noise to the received signal. The C/No ratio was thus
set to 36, 38, 40, and 42 dB-Hz. Furthermore, the antenna and/or
mode was selected to be either autotrack, slaved to ships gyro-
compass, or low-gain antenna. Some of the data were recorded with 1
the steerable antenna boresight intentionally reduced below the

elevation angle to the satellite. Finally, some data were recorded
with the ships heading changing through 360° with constant C/No.

In the data extraction process, error rate, and block error rate
performances for the various combinations of C/No, antenna con-
figuration, and ship orientation are extracted. This is accom-
lished by reference to the test scenarios and test log to deter-
mine the test sequences carried out and by utilization of the time
code which is recorded on the analog instrumentation tape. The
block error and bit error statistics are used to estimate the error
distribution statistics. However, the errors must be digitized

and analyzed with the aid of a computer to determine complete

error distribution statistics. This subject is discussed in more

detail in Section 3.5.3.

3.4.2 Measurement of Bit Error Probability

The actual measurement of bit error rate, or equivalently,
probability of error, is straightforward. In particular, the
formatted PN sequence was analyzed by a Hewlett-Packard 1645A
error analyzer. This device provides direct measurements of bit
error rate, block error rate, carrier losses, and clock slips. The
data reduction equipment as currently configured includes three
error analyzers so that the performance of the three modems under
test can be measured simultaneously. Furthermore, three data
printers are used to record the results obtained at the end of each
measurement interval. Normally, the measurement interval is chosen

so that 100 or more errors are observed. Thus, when C/N0 is such




4

that Pe = 10 ", the time measurement interval, Tn? should encom-
pass 10° bits or

T 11;23 - %g—g = 833s, (3-14)

assuming a bit rate (BR) = 1200 bps. The error analyzer provides

for such measurement intervals automatically. That is, it con-

veniently counts the number of errors in a fixed number of bits

3 bits, ete. It ]
should be noted that in order to reduce the percentage error to 1

as an integer power of 10; i.e., 10% bits, 10

percent, a prohibitive amount of time is required in some cases,
particularly for error rates less than 10'6. Such efforts are not
justifiable in terms of the added insight derived.

3.4.3 Error Distribution Characteristics

Two types of error control procedures are envisioned for
maritime-satellite links. First, one can employ the block retrans-
mission approach. In that case, a block check sequence is trans-
mitted at the end of each data block to enable error detection at
the receiver. If an error is detected, a message is sent from the
receiving end back to the transmitter via a return link requesting
retransmission of the block which contained the error. The block
is then retransmitted until it is received without error.

Alternatively, forward error correction procedures can be
employed. 1In that case, the role and character of the block check
sequence are expanded so that errors in a block can be detected and
corrected at the receiving end. Convolutional coding techniques
can be employed to provide continuous error detection and correc-

tion.

The selection of an appropriate error control procedure
depends on the distriubtion and density of errors expected on the
communication links. The interrelationship of these factors will

be discussed next.




3.4.3.1 Block Error Statistics - Block error statistics are used
to determine the error performance of a system in which block re-

transmission is employed. For example, consider a system which
transmits BR b/s and which utilizes a data block of Nd bits. The
total block size is N = Ng *+ Nhes where Nbcs is the number of bits
in the block check sequence. The probability of block error is
Pb. The probability of requiring two retransmissions is Pg, etc.
Thus, assuming that no time is lost during the retransmission
request, the time required to send Nd bits is

N N 2 3
i it o (Pb * Ry Py --') (3-15)
or
b N
ty = BRI (3-16)

The effective throughput rate is then

N N

d
(BR)gge = £ = gs—— (BR)(1-P,) = (BR)(1-P) (3-17)
d d Tbes
when Nd >> Nbcs' The block error rate could be derived directly

from the bit error rate, P_, provided that the bit errors were

e!
random and independent. In that case,

N _ g
Py = 1 - (1-P,)" = NP_ (3-18)

Unfortunately, the bit errors are not always independent. First,
it is noted that differential encoding techniques are employed by
most of the modems being considered for the maritime-satellite
application. This means that typically errors occur in pairs.
Thus, the block error rate is lower than that predicted by Equation
3-18. In fact, the block error rate is approximated by

Py = 1 -(1-pe/2)N = NP,/2 (3-19)

3=15




In some cases, channel fading causes the errors to occur in larger
bursts. Assume for example that the channel or some other char-
acteristic of the system causes errors to occur in bursts of k/bits}
i.e., K errors occur over a short interval of say 2k or 3k bits.

Then the block error rate can be approximated by
N
Pb = } = Ll-Pe/k) =N Pe/k, N >> k (3-20)

A reasonable estimate of the value of the effective error
burst length, k, can be obtained empherically from bit error and
block error data. Figure 3-5 shows the relationship between bit
error rate and block error rate in a land-mobile 2400 b/s data
communication system. Each point plotted in the figure represents
the bit error rate and block error rate observed in a single run
of 10S bits. The block length was set at 1000 bits. The solid
curve is a plot of Equation 3-19 with k = 1 and N = 1000; the dashed

curve is the same except K 5. The figure shows us that at lower

-5 -
error rates, e.g., P0 = 10 7, the errors are occurring randomly
and independently. On the other hand, as error rate increases,
- =3
e.g., 107 < p_ <10

k = 2.5. At higher error rates k continues to increase.

, the effective burst length increases to say

The printed outputs of the HP1645A error analyzer were used
to generate graphs of the form shown in Figure 3-5. The resulting
graphs vielded reasonable estimates of the error burst length, Kk,
as a function of bit error rate, satellite elevation angle, sea-

)

state, and other environmental factors.
The estimates obtained in this way were improved and contirmed

by reconfiguring the error analyzer to mcasure the block error

rate for 100 bit blocks. (The block length is determined by in-

ternal strapping connections in the error analyzer.) These data

can be used directly to evaluate the potential improvements ob-

tained by the implementation of more sophisticated forward error

correction coding techniques.

3=-16
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3.4.3.2 Error Distribution Statistics - The block error statis-
tics yield rough estimates of the error burst length as a function

of environmental conditions. The applicability of various error
correcting coding techniques is critically dependent on the burst
error length. For example, a (24, 12) Golay code can correct
errors, provided that no more than three errors occur in a 24-bit

block. Similarly, convolutional codes can correct a short burst
_ of errors, provided that a specific interval before and after the :
| error burst is error free. For example, a Bl convolutional code
can correct an error burst of length 4 given a error-free gap

ef 15.

More detailed error distribution statistics may be derived
from the maritime-satellite experimental data to aid in the selec-
tion of an optimum error correction technique. This work, however,
is beyond the scope of the present program, and the following
paragraphs therefore constitute a recommendation for further work

on the existing data base.

The derivation of detailed error distriubtion statistics is

achieved by digitizing the error sequences observed and then analyz-
f ing the error burst and error-free gap statistics. Figure 3-6
5 shows a block diagram of equipment for error digitization.

E l'or the purposes of error gap distriubtion analysis a specific

burst length, b, is defined. Each burst begins with the observa-

tion of an error and continues, by definition, for the next b-1 bits.

The next burst cannot begin until the end of a given burst. The

k error-free regions between bursts are defined as gaps. Figure 3-7

F illustrates these definitions for the case in which b = 4. Compu-
ter processing is used to derive histograms of error burst density.

i When b=4, the histogram will show the percentage of the time
that the number of errors per burst is 1, 2, 3, or 4. These histo-
grams should be generated for burst lengths in the range 1<b<10.
Similarly, the computer processing should derive the cumulative
distribution of the gap length; i.e., the percentage of the time
that the gap length exceeds a given value. Gap length distributions
should also be derived for burst length in the range 1<b>10.

3=18
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FIGURE 3-7. BURST AND GAP ILLUSTRATION

The error burst and gap distribution statistics can be used
to evaluate candidate error correction coding techniques for mari-

time-satellite applications.

3.5 RANGING MODEM TESTS

3.5.1 Test Objectives

The primary test objective was to determine the behavior of a
digital ranging modem in the presence of noise and multipath inter-
ference under real and simulated conditions. Tests werc performed
in the laboratory using the satellite channel simulator and in the
field under actual satellite channel conditions. The system per-
formance variables of primary interest are clock loop jitter, which
represents ranging accuracy, and sub-frequency correlation error,

which is the modem's ability to resolve range ambiguity.

3.5.2 Test Geometry

Three identical ranging modems were constructed and installed,
(1) on board an FAA aircraft, (2) on a Coast Guard Cutter, (3) at
the ground station at Rosman, North Carolina. This configuration
allows a comparison of data collected at two locations, the air-

craft and cutter.

The ranging code is generated at the ground station, modulated
on a carrier, up-converted, received at the satellite, and re-
transmitted back to earth. The down-link is received at the cutter
and the aircraft simultaneously to allow comparison of data

samples at both locations.

3-20
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3.5.3 Test Procedure

The test procedure was to transmit code from the ground sta-
tion and receive it aboard the Coast Guard cutter under controlled
carrier-to-noise power density ratios,

For each ranging experiment day, range data were accummulated,
using both narrow- and wide-band codes, at several carrier-to-noise
power density ratios. Approximately 10 min. of data was taken at
ecach test condition. The sequence varied from day-to-day, depend-
ing on the scenario. The (/N  parameter was varied over the range
from 48 dB-Hz to 36 dB-Hz. Each ranging experiment, however,
always included both wideband and narrow-band code formats. Wide-
band code has a clock frequency of 156.250 kHz and narrow-band
code has a clock frequency of 19.53125 kHz.

Since the clock-tracking loop determines the overall per-
formance of the modem, experiments were conducted with increased
power in the clock component of the code, comparing equally
weighted code components against a code in which the power in the
clock component was doubled. The different code formats are de-
rined as tollows: format 1 - equally weighted narrow-band code;
format 2 - equally weighted wide-band code; format 3 - narrow-band

clock power doubled; format 4 - wide-band clock power doubled.

The carrier-to-noise power density ratio was determined by first

feeding signal followed by noise through a calibrated filter and

then measuring the power of ecach each independently to calculate C/NO.

3.5.4 Data Formatting

The recorded ranging data consists of a serial 40-bit word
clocked out at a rate of 4/s. This serial bit stream appears at
two connectors on the tront panel as NRZ (Non-return-to-zero) data
Manchester encoded for recording on the analog tape. NRI data
allows the observation (on an oscilloscope) of the correct
functioning of the ranging modem with a word sync also provided
on the front panel. The 40-bit word is composed of the following:
The first 7-bits are a preamble sequence, representing a flag.

The next S5-bits are status information to indicate lock ot the
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various loops and functions in this order: Bit 8 indicates the

70 MHz loop is locked in phase; bit 9 indicates the 70 MHz loop

is locked out of phase; bit 10 indicates the clock loop is locked;
bit 11 indicates correct correlations have been made; and bit 12
is not used. Bits 13 through 20 indicate the code format. Bits
20 through 40 represent the range reading in binary; the least
significant bit is the last bit of the data word and is equivalent

to a 25 ns quantization in the range measurement process.

3.5.5 Data Reduction

Ranging data were collected on magnetic tape and stored for
future reduction and processing. In order to strip data off the
magnetic tape, a special data reducer was designed and constructed.
It contains a clock tracking loop which phase-locks to the 305 Hz
data clock and tracks it through any tape speed fluctuations. A
new clock is generated which is phase-locked to the transitions
of data contained on the tape. It is then possible to reverse the
Manchester encoding procedure to extract NRZ data. There is cir-
cuitry which recognizes the preamble sequence and primes registers
to accept the range data in binary and the status bits. Range
data in binary is converted to decimal and printed out along with
the status bits on paper tape. Range data in the form of serial
pulses, each one equal to 25 ns time intervals, appear at a front
panel connector. This is then sent to a computer for processing

and computation.

3.5.6 Data Reduction Processing Technique

The recorded data must be processed to remove the trends
caused by oscillator drift and vessel motion. This is achieved by
carrying out a least-squares fit to the data.

The stecady-state trend in the data can be expressed by the
form

r = a + bt (5-21)
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where r is range and a and b are constants. We desire to determine
optimum values for a and b such that the difference between the
range r and the actual measurements of range, Ty made at time

tk is minimum in the mean-square sense.

The solution to this problem is well known. Specifically,
assuming that Ty and t, are random variables and that there are n

measurements, then, .

: (Zrizr; -3 Seyry)
I\Zt% —(Etiyz

(5=2

ta
—

a

and

n z(tiri) " .z_tl zi.‘
nztz '(Zti‘)T

For the case under consideration here, t, is not random. In
fact, t, is of the form

e ST WES Y, el ekt (3-24)
where ty ™ O defines the start of the data run. Equations 3-23

and 3-24 can be simplified in that case by making the following

substitutions:

n-1 i

‘25 i AT = (n)(g-l)AT " QZAT (3-25)

lI-'

and

nel 2 (a-1)(a}({Zn-1) &T° . ATt

'Zo (iam)*“ = g 8 S (3-20)
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and
n n
12 6
b = LD I Y. (3-28)
nSAT 21: i L2 § L

Finally, the least-squares estimate of the range at the k measure-
ment time is given by

n - n
r0k - (4nn- 6k> z ri " (121\ ill); i . (3-29) 3

1

Let us now define the detrended range estimate Be = Ty - T ps

p, is a zero mean random variable). The root-mean-square ranging
k

error is found in the usual way by solving for

1 & 2
A“RMS‘HZ1 Py (

=1
~M=

pi>3 (3-30)

The choice of the number of data points, n, to use in a single
computation of Equation 3-30 is not clear. The channel statistics
are probably stationary over a few seconds} i.e., n on the order of
10 - 20. A large measurement error should be expected with n so
small. However, cyclical range fluctuations due to vessel pitch
and roll may be detectable with averaging times less than a few

seconds.

Alternatively, several thousand samples can be averaged in
Equation 3-30. This seems to be the better choice because the
results will be directly applicable to the analysis of ervor of
satellite based navigation systems for maritime applications.

This latter alternative was selected for the ranging data

reduction process.




4, uscG DEMONSTRATIONS

4.1 INTRODUCTION

Communications satellites for maritime use promise many
advantages in terms of safety, reliability, communications time,
communications quality, and cost savings. The systems being con-
templated require the satellite to serve a large number of highly
mobile, globally dispersed vessels. It is therefore necessary to
efficiently manage the utilization of communications channels in
order to obtain reliable performance at a reasonable cost. The re-
sultant system should be compatable with ship-to-shore, ship-to-air,
ground-to-ground, and ship-to-ship voice/data/facsimile systems.

Experiments were planned to demonstrate equipment use in an
operational system. The experimental equipment usage was predicated
on previous studies which identified access control techniques and
sytem management procedures best suited to accommodate the

communication requirements of maritime vehicles.

4.2 SELCAL DEMONSTRATION

The United States has proposed a digital selective calling
system be adapted for maritime use in MF, HF, and VHF terrestrial
communications. Such a system may be suitable for L-band signaling
and its utility must be tested. The selective calling (SELCAL)
system to be evaluated was a narrow-band digital scheme for which
prototype HF/MF equipment has been tested.

The SELCAL unit was designed to enable the transmission and
reception of selectively addressed digital transmissions (GTE, 1973
A,B). The terminal tested by the Transportation Systems Center
consists of a keyboard, a 32-character alphanumeric display,
microprocessor controlled digital circuitry, and FSK modems for
interface with voice communication channels. The operating functions
are programmed into a read-only memory, and thus the SELCAL can
be reprogrammed if new operating functions are desired.




The SELCAL terminals were installed at the NASA/Rosman Earth
Station at Rosman, North Carolina, and on the WHEC GALLATIN. Figure
4-1 shows the equipment installation on the GALLATIN. The units
transmitted signals over an FM voice channel with the characteristics
given in Table 4-1.

The test consisted of sending a series of selectively addressed
messages from Rosman to the GALLATIN and receiving the automatic |
replies from the GALLATIN. The sequence of messages was repeated
at different values to signal-to-noise injection on the GALLATIN.

No noise was injected on the return link to Rosman. The test results
are tabulated in Table 4-2.

The errors in test 4 of the January 21 series and test 5 of
the January 28 series did not affect message reliability. The
! errors on test 6 of January 28 resulted in unreadable messages.
f Thus, the SELCAL performed well in the NBFM channel at all
carrier-to-noise power density ratios from 42 dB-Hz to the

system maximum of approximately 62 dB-Hz.

4.3 RADIOTELETYPE DEMONSTRATION

Typical communication equipment interfaces with the satellite
system were planned for demonstration of radioteletype equipment.
Part of the demonstration consisted of a radioteletype test set,
using General Electric TermiNet 300 teleprinters, which were
installed on the GALLATIN and at the Rosman Earth Station. The
TermiNet units were equipped with the 1200 baud option and tape
cassette accessory units. Each unit was interfaced to a 1200 b/s
data modem through an interface module. This equipment allowed
message transmission from a prerecorded tape at the 1200 b/s
rate necessary on the DECPSK channel.

The objective of the demonstration was to evaluate radiotele-
type communication at 1200 b/s on the ATS-6 DECPSK channel. For
this purpose, a test tape was prepared containing a stream of
104 identical characters. The data stream was transmitted from
the tape at Rosman to the GALLATIN with successively greater
amounts of noise injected at the receiver to vary the signal-to-
noise ratio. Table 4-3 summarizes the tests.

4.2
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TABLE 4-1 NBFM CHARACTERISTICS OF THE SELCAL UNIT

4
)
~ =

PARAMETER VALUE
Center Frequency (Hz) 1900
Frequency Shift (Hz) + 425
Data Rate (baud) 600

o e e

TABLE 4-2 SUMMARY OF JANUARY 21 AND 28, 1975, SELCAL TESTS

Slis
Tplxn: 'r!:;'r C/Ng # MESSAGES | # MESSAGES ERRORS
(aB-Hz) SENT RECEIVED

ban. | 1 Max. 50 50 0
21 2 51 50 50 0
1975 3 47 25 25 0
4 44 25 25 2
Tan. 1 Max. S0 50 0
28 2 48 50 50 0
h975 3 46 50 50 0
4 44 50 50 0
S 42 20 20 4
6 40 20 20 11
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This test sequence has demonstrated the transmission of digital

data at 1200 b/s over a DECPSK channel using commerically available
data communication equipment. The link was found acceptable at
carrier-to-noise power density ratios of 40 dB-Hz and higher.

Automatic control of the receiving data terminal was also demonstrated.

4.4 SEARCH-AND-RESCUE DEMONSTRATIONS

The ATS-6 Satellite Maritime Safety Equipment demonstrated |

the search-and-rescue (SAR) applications of satellite communications.
On March 21 and 26, 1975, USCG search-and-rescue demonstrations
were performed using the ATS-6 satellite. The purpose was to
demonstrate the advantages of search-and-rescue coordination using
satellite communications. A search-and-rescue incident was staged
for these demonstrations which involved the following U.S. Depart-

| ment of Transportation agencies: USCG, FAA, and OST. The European

: Space Agency also participated. Figure 4-2 illustrates the scenario
for the satellite safety demonstration configuration (Gutwein et

! al., 1975).

ESA utilized an L-band Emergency Position Indicating Radio
Beacon (EPIRB) buoy, developed by the Federal Republic of Germany
(Goebel, 1975 A,B). The EPIRB is a distress alerting device
capable of transmitting the distressed vessel's call sign via the
L-band satellite link and providing a homing beacon at the interna-
tional distress frequency (2182 kHz) for direction finding and
final vectoring of search units. The EPIRB is designed to become
energized upon immersion in the sea, or it may be manually energized.

A photograph of the buoy is shown in Figure 4-3.

The search-and-rescue demonstration was initiated by deployving

the buov, equipped with an EPIRB device, in the general arvea of
the Azores Islands. The EPIRB transmission was initiated upon
buoy denlovment; receipt via satellite of the EPIRB distress alert

signal at the NASA/Rosman Earth Station initiated the search-and- i

rescue coordination, This provided the vital tfirst step in the

search-and-rescue eftfort through indication that a distress incident

had occurred.

B
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Personnel at the NASA/Rosman Earth Station relaved the distress
alert and ship call letters, via land line, to the U.S. Coast Guard
Rescue Coordination Center (RCC) in New York City. The computer
at the Automated Mutual - Assistance Vessel Rescue System (AMVER)
determined the identity and the most probable position of the
distressed unit and locations of the nearest available vessels
of opportunity, which were the GALLATIN or the OTTO HAHN. The
Rescue Coordination Center established immediate communications
with both vessels via the ATS-0 satellite, determined their positions,

initiated direction finding, and assigned search areas to cach mobile.

The New York City Rescue Coordination Center (RCC) then took
action to determine whether any aircraft were in the vicinity of
the distress position. RCC contacted via land line the National
Aviation Facilities Experimental Center (NAFEC), which was
participating as a simulated Oceanic Air Traffic Control Center
with the ATS-60 spacecraft. NAFEC informed RCC about the aircraft
of opportunity in the arca of the distress,

The two airplanes under NAFEC air traffic control were the
FAA KC-135 and the ESA Comet. Since part of the avionics aboard
the FAA and ESA ai:craft consisted of automatic aivcraft position
data transmission equipment, a situation display of the aircraft
in the distress area was available to the air traffic controller.
All mobiles were transmitting and receiving full duplex on a common
emergency L-band channel. This allowed full duplex L-band
communications among all mobiles and ground facilities in a con-
ference configuration. The mobiles interconnected in this manner
were: GALLATIN, OTTO HAHN, FAA KC-135, ESA Comet, NAFEC, and NASA/
Rosman, with RCC directing the entire operation. RCC requested both
airvrcraft ' wto direction find on the buoy homing signal., The direc
tion finding information and aircratt positions were relaved back

to the RCC. This provided a more accurate fix than that available

tfrom the AMVER predictions.




The KC-135, because of aircraft low altitude restrictions,
could not do any low altitude visual searching but was able to
direction find at nominal aircraft altitude. The Comet tried a
low altitude visual search, but though the electronic search
indicated the buoy position, the visual search was in vain. In
actual conditions commercial aircraft of opportunity will, in
general, assist by providing direction finding services but will
maintain assigned altitude and course. Position information
and situation reports were immediately available at the RCC who
was able to converge the OTTO HAHN and the GALLATIN to the distress
site and successfully recover the buoy.

The entire demonstration took place in a period of time of
about 3 hours. While it is recognized that in a typical situation
not all mobiles will be coordinated a priori, the tests were
extremely successful in demonstrating the rapid access of satellite
emergency communications, the ability to have all mobiles
communicate with each other, the ability to minimize confusion
through such communication, and finally, the ability to direct
a search-and-rescue emergency of all participating vessels over a
large area, thousands of miles distant from an RCC and an ATC
center.

The ATS-6 search-and-rescue simulation became the ''real thing"
on the night of March 20, 1975, when a non-participating vessel in
distress, the NORTHERN WORKER, suffered rudder and engine problems
during a storm. In addition, the signal sideband radio aboard the
NORTHERN WORKER was inoperative. The following day, the WHEC
GALLATIN, in the vicinity, radioed the New York City Rescue Coor-
dination Center via the L-band ATS-6 spacecraft link that it was
escorting the distressed vessel and informed the RCC of the nature
of the problems, current status, and position information. The
GALLATIN also sent a teletype message via high frequency to the NYC
RCC. The information gave the RCC the required data necessary to

proceed with a rescue if necessary. RCC kept a vigil on this dis-
tress problem along with the GALLATIN during the conduct of the
ATS-6 search-and-rescue demonstration. The NORTHERN WORKER made
it safely to port in the Azores under USCG cognizance.
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The ATS-6 Satellite Maritime-Safety Experiments demonstrated
the search-and-rescue applications of satellite communications. The
entire satellite experiment and actual search-and-rescue operations,
involving AMVER and an operational rescue coordination facility, were
without precedent and, moreover, were highly successful. The
results of the maritime safety tests have confirmed that safety
of life at sea may be significantly enhanced when future aeronautical
and maritime satellite systems become operational.

Another significant precedent was the establishment of direct
satellite communications among several mobiles separated by large
distances well beyond radio line-of-sight. Conference networks
were provided at the recently designated L-band frequency of 1600
MHz. These networks permitted instantaneous access, two-way
simultaneous (full duplex) communications among several ships,
several aircraft and various ground station coordination and

control centers.

In exercises utilizing an emergency position indicating radio
beacon (EPIRB), the ability of a satellite system to provide a
world wide distress alerting capability was demonstrated. The
EPIRB promises to be a low-cost distress alerting device. A
worldwide service such as this is not currently available to
ships in the present maritime radio distress system.

Another unique accomplishment of the aeronautical and maritime
satellite experiments with the ATS-6 spacecraft involved rescue
coordination of AMVER predictions with flyover air traffic
identified by a Simulated Oceanic Air Traffic Control Center at
the NAFEC. The Oceanic Air Traffic Control Center was able to
remotely command and control the flyover air traffic while
several thousand miles out over the ocean. Future aeronautical
and maritime satellite systems could provide substantial benefits
to the safety of transoceanic ship or air transportation. More-
over, radio position determination systems, based on trilateration
to several orbiting satellites, could greatly improve the position
prediction capabilities of AMVER, which are currently derived from
sail plans and routine position reporting. Time for area search




is a direct function of knowledge of position. Commensurate

advantages will accrue to saving lives by virtue of the precision
inherent in satellite position determination.

With regard to technical performance, the satellite search-and-

rescue utilized voice communications for coordination. The quality

of the L-band satellite voice from all mobiles exceeded the quality

of typical high frequency systems and was comparable with a high

quality maritime line-of-sight VHF-FM voice link. The constancy

and reliability of the L-band satellite voice communications also

exceeds the performance of high frequency voice. In future

maritime satellite systems the predominance of transmissions will

be via teleprinters. High speed data transmission, at kilobit

rates, is also possible with L-band satellite systems but not
with high frequency because of the inherent limitations in data

transmission rate via high frequency.




5. RESULTS OF EXPERIMENTS

5.1 INTRODUCTION

This section presents the results achieved during the ATS-6
maritime-satellite tests. First, medium-gain antenna performance
is described and discussed. It is shown that the antenna provided
better performance in the slave mode than in the autotrack mode in

most cases.

The characteristics of multipath on the maritime-satellite
test link are presented. The collected data indicate that the
multipath reflection coefficient is typically around -8 dB, with
slight dependence on sea-state and other conditions. The data
also indicate that the multipath is not specular. In particular,
it is shown that the majority of the multipath energy comes from
angles just below the horizon rather than from the multipath

specular point.

The voice and data performances of several modems are reported.

In general, the modem designated Hybird 1 provides the best per-
formance in the voice mode, the data mode, and the voice plus data
mode. Voice intelligibility was better than 80 percent for all
test conditions for this modem. It was observed that multipath
had little effect on intelligibility, an expected result based on
laboratory simulation results. The data performance of Hybrid 1
was superior. It provided a bit error rate of 1 x 10-5 at 43 dB-H:z
when carrier-to-multipath ratios were in excess of 15 dB. Data
performance was effected by the present of multipath. In particu-
lar, it is extrapolated that when carrier-to-multipath is on the
order of 11 dB, a carrier-to-noise power density ratio in excess
of 48 dB-Hz is required to provide 1 x 10'5 bit error rate per-
formance.

The ranging modem tests reported in this section demonstrated
that measurement precision in the order of 100 m is achievable at
40 dB-Hz using the DOT/TSC digital ranging system in its wide-band

mode.
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5.2 ANTENNA POINTING ERROR

One of the objectives of the ATS-6 measurements was to evalu-
ate the performance of a medium gain antenna and to compare two
methods (slave and autotrack) of antenna stabilization. Antenna
performance was evaluated by computing the total pointing error
and its components in azimuth and in elevation. Comparisons of
slave and autotrack performance were made using a figure of merit.
Figures of merit are calculated separately for pointing in azimuth
and in elevation and are defined as the ratios of the standard
deviations of the corresponding pointing errors in the absence of
stabilization (simulated remote operation) to those achieved with
stabilization (slave or autotrack). In addition, the received
carrier-to multipath ratio (C/M) was calculated for each test, so
that C/M represents another parameter against which antenna per-
formance can be judged. Figures 5-1 through 5-18 show representa-
tive examples of antenna performance in the slave and autotrack
operating modes. Figures 5-1 through 5-3 are time history plots
of the total pointing error (TPERR), elevation error (ELERR), and
azimuth error (AZERR) in slave operation. These data, collected
on March 27, 1975, are representative of a medium sea state condi-
tion; i.e., 6-ft seas were reported. The time history of the
ship's motion is illustration in Figures 5-4 through 5-6. Figure
5-4 indicates that the ship changed course from approximately
344° to 290° during the test segment. This occurred about 600 s
into the run. In Figure 5-1, it can be seen that the slave mode
tracked out the change in ship's heading; in the simulated remote
mode, the antenna's total pointing error and azimuth error in-
creased considerably, as shown in Figures 5-7 and 5-8, although
the elevation error, Figure 5-9, increased only moderately.

If we restrict our attention to the first 9 min. of the run
(i.e., prior to the turn) the corresponding figures of merit are

FAz = 2.2 and FEL ® 2.3

GhdEEadda b o an L
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The autotrack mode was used on the same day, March 27. The
performance of this mode is illustrated in Figures 5-10 to 5-12.
The corresponding ship's motion is shown in Figures 5-13 through
5-15. The ship's course was approximately fixed at 290° during this
test run. Figures 5-16 through 5-18 show antenna pointing errors
under simulated remote conditions. The corresponding figures of
merit for the autotrack run are FAZ = 0.76 and FEL = 0.64. We note
that under the conditions of low elevation angle (9.5°) and medium
sea state (6-ft wave height) the slave mode was more effective in
providing antenna stabilization than was autotrack. In this parti-
cular case, the multipath was relatively severe with little antenna
discrimination against the multipath and with the specular point
occurring within approximately 1 dB of the peak of the difference
pattern (see Figure 2-14). The C/M ratio measured during this run
was 11 dB.

Table 5-1 summarizes the antenna data obtained during the
spring tests. (Reduced data are not available for the fall test

series because of a nonlinearity in the roll amplifier used to pro-
vide gyrocompass signals to the antenna during those tests.) Data
for tests during which the ship was following a circular course are
presented separately for time intervals during which the relative
bearing to the satellite was within + 45° of the bow. This test pro-
vided signal levels and multipath data when the view of the satel-
lite was obstructed by the ship's superstructure. In addition, sig-
nal reflections from the ship's superstructure were expected to be
present in this test. The antenna was located near the stern of the
ship with an unobstructed view of the satellite in all directions
except forward. The geometry was such that the elevation angle from
the antenna to the top of the air search radar located at the

top of the aft mast was 28° and the elevation angle to the top of
the exhaust stacks was 8°. Looking forward into the ships super-
structure, the view in azimuth below 8° elevation was limited by the
exhaust stacks, which subtended an angle of + 10-1/2° from the bow.
Consequently, for satellite elevation angles below 8° and with rela-
tive bearings of + 45°, scattering from the exhaust stacks would
originate at approximately 35° off boresight, which is at least -15

- — e e
ey




TABLE 5-1. SUMMARY OF ANTENNA POINTING PERFORMANCE - SPRING

1975
f
% WAVE HEIGHTS 1 FT to 20 FT
| SATELLITE ELEVATION ANGLES: 8.7° to 39°
C/M RATIOS: 6.9 dB to 21.2 dB* i}
HEADING o: 0.6° to 3.6° 1
| ROLL 0 : 1.1° to 5.2° (PEAK ROLL=17.5°) i
| PITCH o 0.5° to 2.0°
FIGURE OF MERIT SLAVE AUTOTRACK
F (AZIMUTH) 1.0% %o 8.5%, Av.»3.5% | 0.5% to 1.4Y, Av.=1.0° i
F (ELEVATION) 1.3° to 5.3°, Av.=2.1° | 0.5° to 0.8°, Av.=0.6°

MAXIMUM POINTING
ERROR WHILE
1 LOCKED 3.3 to 8.4°, AvV.=5.2° 9.9° to 14.8°, Av.=11.9°

*
C/M ranged from 10.3 dB to 13.1 dB during autotrack measurements.

dB down on the antenna sum pattern and outside of the peaks of the
difference pattern. Specific comments for data taken with the rela-
tive bearing to the satellite within + 45° of the bow are presented
separately in Section 5.2.2. The following general observations

may be made from an examination of the data presented in Table 5-1:

1. The slave mode of antenna stabilization generally gave

superior performance to that of the autotrack mode. Figures of
merit were always greater than unity for slave while they averaged
only 1.0 (azimuth) and never exceeded 0.8 (elevation) when the
antenna was operated in the autotrack mode.

2. The maximum total pointing error never exceed 8.4° in
slave versus 14.8° in autotrack. Thus the slave mode of operation
was capable of maintaining the satellite within the -1 dB contour

of the sum pattern (approximately 11° off boresight). The maximum




pointing error in the autotrack mode ranged from 9.9° to 14.8° over
13 runs of approximately 10 min duration each. The average value
of the 13 peak pointing errors (i.e., maximum values for each run)
was 11.9°. This corresponds very closely to the -1 dB contour of
the antenna pattern. |

5.2.1 Spring 1975 Test Program

This section presents a more detailed summary of the antenna
data collected during the spring 1975 tests. Data are presented
for 6 days representing low, intermediate, and high satellite ele-
vation angles and covering a wide range of sea conditions. In
certain instances in the slave mode the antenna was intentionally
pointed at double (26), half (8/2), and one-quarter (6/4) of the
satellite elevation angle. These tests allowed us either to re-

f ject multipath (26) or enhance (6/2 and 6/4) the effect of multi-
r ] path scattering from the ocean surface. The tests were generally
' run with the ship either following a circular course (360° in

approximately 10 minutes) or steaming with the relative bearing
of the satellite approximately + 90° from the bow. In certain

tests, however, the ship maintained a constant heading with the
relative bearing of the satellite significantly different from

+ 90°. These runs are denoted 'constant heading'" in Tables 5-2
through 5-7. Specific comments with respect to individual test
days are given below.

5.2.1.1 February 26, 1975 (Table 5-2) - The 17- to 20-ft wave en-
countered on February 26th were substantially greater than those
experienced during the other test days for which valid antenna data
are available. The standard deviation of the ship's roll generally
ranged from 1° to 3° during the March and April tests, while two of
the three runs on February 26th were made with roll standard devia-
; tion of 5° or greater, with peak rolls exceeding 14°. Correspond-
ingly, the standard deviation of the elevation error in the slave
mode was greatest during the February tests. Antenna performance
was plotted during l-minute time segments centered on the times at

which maximum roll amplitudes were encountered during the February

5-23
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tests. The plots for one of these time segments are presented in
Section 5.1.3 and correspond to the first entry in Table 5-2. In

i this case, the maximum roll amplitude was 14.3° versus a standard
deviation of 5.0° for the entire 10-minute run. While the roll
amplitude was only about half of the maximum (30°) set forth in the
antenna design goals, the roll velocity reached 9.2°/s and the roll
acceleration reached 7.8°/s: versus design goals of 15°/s and
7.5°/s2, respectively. Consequently, the antenna data presented

in Table 5-2 are representative of a reasonably severe test of the

antenna's slave stabilization system. Although operation of the
antenna in the autotrack mode was attempted on February 26, suc-
cessful tracking could not be achieved. The reas<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>