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ABSTRACT

In recent years, the field of space communications
and telemetry has seen channel information capacity
grow from a few kilobits to megabits per second. A
principal factor for the interest in megabit channels
is the increasing requirement for real-time, high-defi-
nition, television transmission. This requirement is
anatural resultof the existence of communication sat-
ellites which will soon continuously link the continents
witha high capacity communication channel. The mod-
ulation techniques for the Telstar and Relay communi-
cation satellites were determined by considerations
identical to those presented in this report. In addition,
the soft landing of instruments and men on the moon
makes a real-time television link with the earth during

critical maneuvers highly desirable.

The questionnow arises as to the best method of con-
structing such a communication link. Recently, there
has beenmuchdiscussion about the type of modulation,
quality, power levels, and necessary receiver sensi-
tivities required to realize sucha channel. This report
briefly reviews some of the fundamentals requiring
consideration before a reasonable solution at any point

in the state of the art can be determined.
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I. INTRODUCTION

In recent years, the field of space communications and telemetry has seen
channel information capacity grow from a few kilobits to megabits per second.
A principal factor for the interest in megabit channels is the increasing
requirement for real-time, high-definition, television transmission. This
requirement is a natural result of the existence of communication satellites
which will soon continuously link the continents with a high capacity communi-
cation channel. The modulation techniques for the Telstar and Relay com-
munication satellites were determined by considerations identical to those
presented in this report. In addition, the soft landing of instruments and men
on the moon makes a real-time television link with the earth during critical
maneuvers highly desirable.

The question now arises as to the best method of constructing such a com-
munication link. Recently, there has been much discussion about the type of
modulation, quality, power levels, and necessary receiver sensitivities
required to realize such a channel. This report briefly reviews some of the
fundamentals requiring consideration before a reasonable solution at any
point in the state of the art can be determined.

Implementation of the receiver, a key component for a wideband-band fre-

quency modulation (WBFM) communication system, is the subject of Ref. 1.
II. DISCUSSION

A. GENERAL
To better define the problem, a 525-line video baseband signal, typical of a

high definition television system, is selected for analysis. To illustrate two
extremes of transmission possibility, the baseband signal is assumed

(1) digitally encoded and modulated on the carrier as binary PCM/PM -- an
efficient and yet simple digital modulation -- and (2) directly analogue modu-
lated as wideband FM. The performance and complexity of these two systems
is then reviewed with parameters typical of a moon mission. Brief mention is
also made of the improvement to be expected by a more exotic orthogonal
coding scheme for the digital implementation.
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B.

BASEBAND SIGNAL

The exact definition of the standard 525-line television signal is in documenta-
tion issued by the International Radio Consultative Committee (CCIR), Ref. 2.
In Table 1, certain physical parameters of the signal are displayed. A

typical time waveform is shown in Fig. 1.

White level ——o--

Video signal

T

Picture signal

Synchronizing
signal

Fig.

1. Typical Television Waveforms

.

For purposes of communication system design, two significant parameters of

o~ I +w2r2
=
E-_ T = 0.33usec
o
0 4.0 Mc
f
Fig. 2. CCIR Video Weighting

this signal are the baseband width,
4.0 Mc in this instance, and the
allowable noise, which may corrupt
The CCIR's desired

objective is a weighted signal-to-

the picture.

continuous-noise power ratio of 50 db.
Weighting takes into account the sub-
jective effect of noise at different fre-
The CCIR recommended
weighting to be applied to the inter-

quencies.

ference prior to power measurement

is shown in Fig. 2.
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C. DIGITAL COMMUNICATION SYSTEM

A typical realization of television transmission by digital means appears in

Fig. 3.

VIDEO A-D ¢ POWER
INPUT " [SAMPLERI cony MOD N AMP
CLoCK
OSCILLATOR

(a) BLOCK DIAGRAM DIGITAL TRANSMITTER

Jconv 8 X le D-A VIDEO
AmP { CONV OUTPUT

é L ciocc
REFERENCE

4
{b) BLOCK DIAGRAM DIGITAL RECEIVER

Fig. 3. Simplified Digital
Communications System

The analogue video from a vidicon or other information source is converted
to a binary stream at the rate of one sample every 1/2 Frnax or 1/8 psec.

This stream is then encoded on a carrier wave in the form of phase reversals.

An object of considerable previous study has been the required number of
quantum steps or levels per sample for good subjective picture quality. Bell
Telephone Laboratories (Ref. 3) has concluded that 7 bits or 128 grey levels
are adequate for the majority of viewers. For space television, to economize
on transmitter power, a smaller number of grey levels, perhaps half as many,
might be selected. For purposes of this report, 6 bits will be considered an
adequate quantization. It should be noted that the subjective effect of

quantization noise is not similar to that of continuous random noise; i.e., a

weighting filter, similar to that described for continuous random noise, is

not usually applied in treating this effect.

-4-
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A qualitative picture of quantization noise, or contouring, which is

characteristic of a digital picture, is shown in Fig. 4.

7

4

Fig. 4. Digital Television,
Contouring

Since quantization has been briefly discussed, it is appropriate to examine
another significant parameter in a digital communication system, viz., error
rate. Assuming that out of the 6 bits per sample only the 2 significant bits
can cause subjectively important errors, the tolerable error rate may be
approximated as follows:
sec/frame = 1/30

samples/sec = 8 X 108

samples/frame = (8 x 108)/30
allowable errors/frame = 100
(3 x 10%)/(8 x 10°)
2
[(3x103)/(2x8x10%)]=1.9x10"%

sample error rate

significant bits/ sample

ne

bit error rate



For simple binary PCM/PM, an error rate of 1.9 X 1074 requires an energy
per bit/noise density ratio of about 6.0. The energy per bit required by a
more complex bi-orthogonal system (Ref. 4) having a similar sample error
rate as the binary system but an alphabet of 64 letters is about 3.0 or 3 db

less.

The results can be combined with the standard radar equation to yield a
typical moon-to-earth, real-time, high-definition digital television link
(Table 2). '

Table 2. Digital Television Moon Link

PARAMETER VALUES

MODULATION PCM/PM (2L) | PCM/PM (64L)

FREQUENCY, Mc 2300 2300

TRANSMITTER POWER™ , w 30 18

CABLE LOSS, db 1 ) e
TRANSMITTER ANTENNA GAIN (IOFT DIAM), db 34.6 34.6 "
SPACE LOSS (4.07 x 105 km ), db 211.9 21.9

ELLIPTICITY LOSS, db 1 !

RECEIVER ANTENNA GAIN,db 52 82

RECEIVER SIGNAL POWER, dbm -83 -86

RECEIVER NOISE DENSITY (300°K) dom/M¢| -13.8 -113.8

RECEIVER NOISE BANDWIDTH, Mc 48 48

RECEIVER NOISE POWER, dbm -97 -97

PREDETECTION (S/N), db 14 "

THRESHOLD, db ] s

MARGIN, db [ 6

*EXOTIC PREMODULATION REDUNDANCY REMOVAL MAY
LSAVE 3 db

It should be noted that rather sophisticated redundancy removal, prior to
modulation, will only buy about another 3 db of necessary transmitter power

for a quality transmission (Ref. 5).

-6-



D. ANALOGUE COMMUNICATION SYSTEM

Realization of an analogue television link may be accomplished by the system
shown in Fig. 5. The block diagram representation of the analogue system
indicates it to be simpler than the digital approach,which is in fact true; the
actual analogue system hardware realization is not only simpler, but it is

more reliable.

FM CONV AND

VIDEO,
POWER
INPUT DEVIATOR [ | \MPLIFIER

() BLbCK DIAGRAM ANALOGUE TRANSMITTER

PHASE -LOCK
F(s)

CONV 1 VIDEO
AND s OUTPUT
AMP

FM FEEDBACK
FM
IF DISC F(s)
1

(b) BLOCK DIAGRAM ANALOGUE RECEIVER

F.g. 5. Simplified Analogue
Communications System

The one remaining question is how the raw power requirement of the spacecraft,
which uses an analogue system, compares with the power used by a digital

system.

This is best answered by using very simple relationships governing the
performance of modulation tracking phase-lock receivers (Refs. 6,7). This
more optimum type of receiver is essential in a space communications link,
because a standard FM discriminator would require significantly more

received power at threshold.

-7-



For an analogue FM system, using phase-lock reception, key relationships

for quality and sensitivity are given below:

where

Bwrf

2
s s, i B

LR -3 if . ( ) . __N. w (1)
N, "~ %4Bn fnz tn
fop \/2

By = 4.03(E 2)

rm
BW .=2f +f (3)

rf m  pp

5t

a——=— 2 4(6 db) (4)
BN

peak-peak television output signal to noise power ratio
reczived signal power, w

receiver noise density, w/cps

receiver noise bandwidth, cps

peak-peak frequency deviation, cps

highest baseband frequency, cps

improvement factor due to weighting (CCIR wtg, W = 12. 3 db)
10-90 percent rise time of video waveform, sec

maximum allowable phase-lock loop modulation error, rad

radio frequency bandwidth occupancy of the FM signal, cps

\'--J

-8-



o~

These relationships are valid only for a second-order receiving system with
a damping of 0.707. Yovits and Jackson results, in a very significant paper
in 1955, indicate that for pulse-type waveforms, such as television signals,
a second-order receiver will yield minimum mean-square phase error
between the received signal and the local replica. Minimizing this error

yields a receiver of maximum sensitivity.

By means of parameter juggling in the undetermined set of relations shown in

Eqs. (1-4),a reasonable communication link design can be achieved (Table 3).

Table 3. Analogue Television

Moon Link
PARAMETER VALUE
QUALITY (WEIGHTED) 40 db
MODULATION WOFM
FREQUENCY 2300 Mc
TRANSMITTER POWER 10W
CABLE LOSS 1db
TRANSMITTER ANTENNA GAIN (10 FT DIAM)| 34.6 db
SPACE LOSS (4.07x10% km) 211.9 db
ELLIPTICITY LOSS 1 db
RECEIVER ANTENNA GAIN 82 db
RECEIVER SIGNAL POWER -07.9 dom
RECEIVER NOISE DENSITY (300°K) =113.8 dbm/Mc
RECEIVER NOISE BANDWIDTH 24.3 e
RECEIVER NOISE POWER -99.9 dbm
PREDETECTION (S/N) 12 db
THRESHOLD 6 db
MARGIN 6db
DEVIATIONS ¢ 10 M¢ , PICTURE ONLY
s 4 Mc, SYNCH
RF BW * 25Mc¢
LOOP 3 db BW s 7.5 Mc
DAMPING s 0.707




Figure 6 shows the resulting closed-loop receiver transfer function and
illustrates the wide bandwidth required for transmission of high-definition
television; it should be noted that the requirements derived here have resulted
in a phase-lock receiver whose bandwidth is the widest ever achieved to date.

The construction of such a receiver has been accomplished but not without

design problems (Ref. 1).

A

6 db/OCTAVE

2db |——— —— — —
0 db
8 -3dbjf——————————
: )
>
— |
|
L
° 7.5 Mc

f

Fig. 6. Closed-Loop Baseband Transfer
Function Requirement

III. CONCLUSIONS

\\\ Modula.tign considerations for the design of a real-time space/earth television
o
link ha\ﬁ):-l/a\oen treated. '

— =

To illustrate two extremes of transmission possibility, the baseband signal
was assumed:(1) digitally encoded and modulated on a carrier as binary

PCM/PM'}and (2) analogue modulated as wideband FM.

Standards of quality established for the design of each system were then used
to estimate receiver power requirements;w The performance and

-10-



complexity of these two approaches were then reviewed with parameters
typical of a moon mission. In comparing the digital to the analogue approach,
it was found that the analogue system was superior in all respects, e.g.,
simplicity,” reliability,and spacecraft power. '

Identical comparisons as the foregoing were necessary to establish the modu-
lation techniques for Telstar and Relay, the world's first wideband communi-
cation satellites. It is not surprisingtherefore )that these satellites utilize
analogue wideband FM with frequency-following receivers.R

-11-
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