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1. INTRODUCTION

This constitutes the final report on a Time Division Multiple Access (TDMA)
experiment which successfully establi , plied the feasibility of a technique for
synchronizing system users. Phase one was devoted to the design and construc-
tion of two experimental synchronization terminals. The Phase One Final Report
presents the theory and describes the tArminal design and equipment in detail.
This technique will enable a system including small ground stations to access a
medium altitude communications satellite in the desired time interval. The
stations are completely independent with no need for a central control other than
the timing burst originated by a master station. This enables the use of time
division in such a system with its advantages of higher communications efficiency
by the minimization of intermodulation noise, interference between stations,
and the need for individual power control.

The experiment uses a time division format which provides for up to ten stations
accessing the satellite simultaneously. again, in the interest of economy, the
format specified was not chosen to optimize efficiency but was chosen to corres-
pond to available bandwidth and also to previous circuit designs. Thus, 1.25
microsecond guard times were used between 10 microsecond information bursts
although test results demonstrated that timing could be maintained to such a
degree as to permit reduction of this guard time by a factor of ten.

In order to adequately simulate an actual communications system, each terminal
was provided with the capability of inserting unmodulated carrier bursts at any
point in the format. This provided a means for simulating any desired amount
of system loading. The system is compatible with most digital or analog pulse
communications techniques.

Two TDMA terminals were designed, constructed and installed in the Nutley
ground station. The installation was arranged so that the two terminals shared
the station transmitter and receiver but otherwise functioned independently. The
normal station performance was degraded to correspond to that of a small station
(i. e. , 300K and a 10 foot antenna.) The Relay II medium altitude satellite was
used for all experiments. The tests were conducted from 15 January, 1967 to
1 June, 1967, during which time experiments were per,,rmed on 55 passes.
The test period was sufficient to permit experiments with maximum and minimum
range, doppler and doppler rate orbits.

Feasibility and performance were demonstrated by conducting experiments to
measure timing error, acquisition time and range prediction accuracy. The
typical timing error was measured to be 25 nanoseconds, and the timing error
was always less than 75 nanoseconds. The acquisition time for a terminal
averaged 25 seconds and was always less than one minute. This represents a
small fraction of the total duration of a pass. Techniques for automating this
procedure should be investigated.

1-1
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INTRODUCTION

It was concluded that the fundamental concepts in systems tested were highly
satisfactory. The successful results of this experiment suggest the deb±rability
of a follow-on effort to further develop the technique. Experiments should file
conducted to optimize system parameters and determine the maximum number of
users possible within a given satellite bandwidth. These experiments could lead
to the evolution of a complete communications system consisting of several small
ground stations working through a hard-limiting medium altitude satellite,

1
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2. DESCRIPTION OF TDMA SYSTEM
AV

2. 1 TIME DIVISION MULTIPLE ACCESS SYSTEM

Various systems which permit several ground stations to simultaneously share
a satellite repeater have been discussed in the literature.* Frequency division
multiple access and time division multiple access are two such systems. FDMA
is the subdivision of the available bandwidth in the transponder, where each
ground station transmits in an assigned portion of the bandwidth spectrum.
TDMA divides time so that each ground station transmits in an assigned time
interval.

The time division multiple access system is potentially capable of high efficiency
because none of the transponder output power is wasted in inter-modulation noise.
In addition, it does not require transmitter power control in the ground stations
as other techniques do. However, it does require network synchronization to
realize these advantages.

The general configuration of a TDMA system is shown in Figure 2. 1-1. One
station de ,.Agnated the master transmits a repetitive sync burst to the other
stations via the satellite. This provides the time reference for a time division
multiplex format in which the frame period is divided into a number of time
intervals. Each station can transmit data bursts during an assigned time
interval without causing interference to other stations.

A central problem associate(ii R n th a TDMA system is that of providing system
time synchronization. Ea ,,4 stab )a must adjust the timing of its transmitted
data bursts to insure that trey arrive at the satellite during their assigned time
interval. This is illustrated in Figure 2. 1-2 which shows the timing of the signals
transmitted from the master and a slave station which have different ranges to
the satellite. The synchronization problem is particularly difficulto,,)r a system
using a medium altitude satellite because the range and therefore propagation
delay from any station to the satellite is rapidly changing.

The TDMA format chosen for the experimental system is also shown in Figure
2. 1-2. All timing is obtained by dividing do yen from a basic 800 khz clock
frequency. This particular frequency and several other aspects of the format
were chosen to make use of conveniently available equipment. The format
consists of a frame which contains one sync burst and ten data bursts of 10 jus
duration and a guard time of one 1.25 has clock period between bursts. The sync
burst is modulated by the 800 khz clock which is accurate to within one part/108
as transmitted from the satellite. Table 2-1 summarizes the system parameters.

	

* J.W. Schwartz, et al. Modulation Techn	 ^s for Multiple Access to a Hard -

	

Limiting Satellite Repeater. Preceeding;	 EE, Vol. 54, Page 763 to 777.
May 1966
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DESCRIPTION OF TDMA SYSTEM

2.2 DOPPLER COMPENSATION TECHNIQUE

The accuracy of the clock frequency is maintained at the satellite by the doppler
compensation technique illustrated in Figure 2.2-1. This technique off- sets the
transmit clock frequency based on the observed doppler shift of the received
clock frequency. This is done in such a manner as to maintain a clock frequency
at the satellite essentially uneffected by doppler.

The master station transmits the sync burst consisting of 800 khz minus its own
doppler and receives it as 800 khz plus its own doppler. The transmitted frequency
is adjusted so that the sum of the transmitted and received frequencies is a con-
stant. This method of doppler tracking assures that the sync signal at the
satellite is a true 800 khz,

TABLE 2-1. TDMA SYSTEM PARAMETERS

Maximum number of channels
Frame period
Format (number of bursts per frame)

Channel
Sync
Total

Burst width
Guard time (between bursts)
Type of sync modulation
Modulation index
Carrier frequencies

Uplink
Downlink

Clock rate
Sync burst

10 (5 Full Duplex)
123.75 ps

10
1

11
101's
1, 25 gas
Phase
7'r'/4 (approx. )

1725 mhz
4169.720 mhz
800 khz
8 cycles of 800 khz square wave

A slave station receives the pulsed signal from the master station via the satellite.
Since the signal was a true 800 khz at the satellite, it will be received with the
true doppler of the slave station. The slave station uses this to preset its trans-
mitted frame rate by a technique identical to that used by the ma..9ter station for
doppler tracking. The slave station uses a pseudo noise code ranging technique
to determine the correct initial phase for its transmitted format.

11"
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DESCRIPTION OF TDMA SYSTEM

2.3 TDMA TERMINALS

Figure 2.3-1 shows a simplified block diagram of the master station, The
master sync burst is generated by gating the output of a carrier phase modulator.
The carrier burst is phase modulated by the 800 khz transmit clock frequency.
The gate control signal is generated in the transmit timer by dividing down from
the transmit clock.

The received i-f signal is demodulated by the carrier tracking phase locked loop.
The resulting 800 khz sync burst is used to lock the receive clock tracking phase
locked loop, generating a continuous 800 khz clock which drives the receive timer.
This, in turn, generates the gating pulse for the carrier tracking and receive
clock tracking phase locked loops. Initially neither of these loops are locked.
To aid acquisition, the output of the carrier tracking phase locked loop drives
the sync burst detector. This circuit contains an 800 khz filter, envelope
detector, and threshold detector. It will detect the time of occurrence of the
sync burst even before the carrier tracking phase locked loop acquires. The
occurrence of the sync burst resets the phase of the receive timer to within a
fraction of a burst. This is sufficient for the carrier tracking and receive clock
phase locked loops to lock.

The receive clock phase locked loop may lock in such a manner that the receive
timer is an integral number of clock cycles out of correct phase. The receive
clock loop contains an error detector to measure relative timing between
received burst and local gating pulse. If an error exists, the receive timer is
stepped in the proper direction until 'It is operating incorrect phase.

The transmit clock generator contains the doppler compensation circuit which
adjusts the transmitted clock frequency to maintain the satellite clock frequency
at exactly 800 khz, independent of first order doppler effects. This is implemen-
ted by passing the receive and transmit clock frequencies through a mixer which
extracts their sum frequency, comparing the sum frequency with a 1600 khz
standard, and adjusting the phase of the transmit frequency to keep the sum
exactly 1600 khz.

A simplified block diagram of the slave terminal is shown in Figure 2.3-2. The
slave terminal has the same circuits used in the master for receiving the master
sync bi,,irst and generating the receive clock and doppler compensated transmit
clock. In the case of the slave terminal, however, this doppler compensation
is an open loop operation. It cannot correct the differences between the 1600 khz
standards at the master and slave terminals or for second order frequency errors
in the satellite clock frequency. In addition, the initial phase of the transmit
timer must be adjusted according to the range of the satellite from the slave
station.

1
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DESCRIPTION OF TDMA SYSTEM

The open loop doppler compensation of the transmit clock is supplemented
during acquisition by the pseudo noise ranging phase locked loop. The slave
transmits a cw subcarrier signal which is phase modulated by a code. The sub-
carrier frequency is 2 mhz from the master carrier and at a level low enough
to cause no interference to the sync burst or to any data bursts.

2.4 ELECTRICAL DESCRIPTION OF TDMA TERMINAL

A block diagram of the TDMA terminal is given in Figure 2.4-1.

The TDMA terminal includes all equipment functions to make it operate as
master or slave terminal. In the master station, the transmission of master
sync is enabled and pseudo noise ranging is disabled. In slave station, the trans-
mission of master sync is disabled and the pseudo noise ranging is enabled.

The functions in the terminal are related to one another and operate in the
following manner.

The received i-f enters the terminal at the 70 mhz distribution aml..ifier, which
consists of a set of buffers arranged to provide the following buffered outputs.

• Modulator i-f
• Carrier i-f
• Subcarrier i-f

anThe modulator i-f provides 	 output to the modulator unit where communicationp	p
data is demultiplexed and processed.

Carrier i-f is the input to the carrier tracking phase locked loop where the master
sync signal is extracted.

Subcarrier i-f is the input to the subcarrier tracking phase locked loop where the
_._	 pseudo noise code is extracted.

The carrier tracking phase locked loop shown in Figure 2. 4-2 is used as a phase
demodulator.

The demodulated signal is then used to lock a 6.4 mhz voltage controlled crystal
oscillator in the receive clock tracking phase locked loop. Since the 800 khz in
the received sync burst contains the satellite to ground doppler, a clock is
obtained which is proportional to the receive frame interval. The phase locked
loop also serves as narrow band filter for the incoming 800 khz sync signal.
Included in the receive clock tracking phase locked loop is a set of correlators
which measure the phase integrity of local receive frame referenced with the
incoming sync and the local frame clock. Figure 2. 4-3 summarizes the para-
meters for the various phase locked loops in the terminal.

2-4
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DESCRIPTION OF TDMA SYSTEM

The local receive frame interval is generated by the receive timer. The receive
timer consists of a set of cyclic counters clocked from the 6.4 mhz in the receive
tracking clock phase locked loop which are arranged to generate the TDMA fl ame
interval. Since the clock driving these counters is receive doppler compensated,
the receive frame is correct in frequency. The receive frame is phase corrected
by receive slew control and receive mode control based on correlator outputs
from receive clock tracking phase locked loop.

All time references for the receive frame interval are provided by the receive
timer. These include:

0 Signal to gate the carrier tracking phase locked loop
0 Signal to gate the receive clock tracking phase locked loop

Sync reference signals to drive the sync early-late correlator

Pseudo-noise reference signals to drive the pseudo-noise ranging
phase locked loop correlator

u	
• Burst reference signals to the receive channel gate. The channel gate

generates the gate signal used by the modulator unit to demultiplex
data channels.

800 khz receive signal to the transmit clock phase locked loop,

In the transmit clock phase locked loop the receiver 800 khz is added to locally
generated 800 khz signals. The resultant is then compared to a 1600 khz standard.
The resulting error in turn drives a 6. 4 xnhz voltage controlled crystal oscillator
from which the local 800 kliz was derived by dividing the 6. 4 mhz by eight. This
arrangement forms a phase locked loop, which in conjunction with the receive
clock tracking phase locked loop, forms the method of doppler compensation.
A detailed discussion of the doppler compensation was given in Section 2.2.

To compensate for secondary effect of doppler and to correct for the other
s	 factors such as error in standards, the transmit clock phase locked loop
t^	 includes a mechanical phase shifter driven by servo motor. This is enabled in

a slave terminal. The output of the voltage controlled crystal oscillator passes
through the phase shifter and is then used to clock the transmit timer. For a

is	 detailed discussion of transmit phase locked loop see Section 3. 2.

The transmit timer is structually identical to the receive timer. It consists of
}	 a set of three cyclic counters arranged to count out the transmit frame interval.

All time references of the transmit frame interval are derived from the transmit
timer. When the receive and transmit phase locked loops are locked and the

^..	 proper drive is provided to the servo motor, the transmit frame is correct in
frequency.

R	
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DESCRIPTION OF TDMA SYSTEM

r~

The transmit frame is phase corrected through the logic in transmit slew control
and transmit mode control based on correlator outputs from the pseudo noise
ranging phase locked loop. The servo and phase correction logic for the transmit
timer are only used at a slave terminal. The transmit timer in a master terminal
is considered the reference. Therefore, under normal conditions the servo motor
and the slew control are made inoperative in a master terminal.

All, timing signals for transmit frame interval are derived from the transmit
tinier. These include:

• Gate signal to generate the master sync burst.
• Signal to modulate the master sync burst.
• Burst signals to drive the fill burst selector switches.
• Burst signals to drive the pseudo noise generator.
• Burst clock to modulator for data processing.
• Burst reference signals to drive the transmit channel gate. The transmit

channel gate generates the gate signal used by the modulator unit to time
multiplex data channels.

The above signals constitute the transmit control for the TDMA terminal. A
brief description of their operation follows.

The master sync signal is used to phase modulate the output of a 68 mhz oscillator.
r"1_ e modulated 68 mhz is then gated by the sync burst generator into the summer
through the carrier gate, thus transmitting the master sync burst. The unmodu-
lated 68 mhz carrier is also gated into the summer to select the fill bursts. The
function of the fill bursts was included to simulate a varied TDMA channel load.
The master sync transmission is only operative when the terminal is a master.

For a slave unit the subcarrier is enabled. The output of the pseudo noise
generator phase modulates, the output of a 70 mhz crystal oscillator, and the
modulated 70 mhz is then gated into the summer by the subcarrier gate. The
summer mixes the carrier, sub-carrier, and output of modulator unit and pre-
sents the signals to the station for transmission.

The processing of the carrier signal was described previously. however, it
should be noted that a transmitted i-f of 68 mhz is received at 76 mhz. The
relay transponder contains a tripler and the exciter in the station causes a side-
band inversion. However, the subcarrier is transmitted as 70 mhz returns as
70 mhz to the TDMA terminal.

'i
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DESCRIPTION OF TDMA SYSTEM

At this point the pseudo noise ranging circuitry will be discussed. The sub-
carrier i-f goes through a 70 mhz bandpass filter and limiter. The limiter out-
put drives the subcarrier tracking phase locked loop which acts as a phase
demodulator. The received pseudo noise code at the baseband output of the
subcarrier phase locked loop is correlated with the reference pseudo noise code
derived from the receive timer ii ,, the pseudo noise ranging correlators.

The output of the correlators provides the basis for adjusting the transmit
timer phase.

A summary of the pseudo noise ranging phase locked loop parameters is given
in Table 2-2.

TABLE 2-2. PSEUDO NOISE RANGING PHASE LOCKED LOOP SUMMARY

Loot) Filter fn - Loop Bandwidth = hertz
Switch Position

Gate Selector
position: 1 2 3 4 5
Gate Width: us 1.2 5 3.75 6.25 8.75 11.25

0 0.509 0.170 0.102 0.0726 0.0566

1 0.994 0.332 0.198 0.142 0.110

2 1.58 0.528 0.315 0.225 0.176

3 2.08 0.698 0.417 0.298 0.232

4 3.06 1.02 0.610 0.436 0.340

5 4.59 1.53 0.918 0.654 0.510

6 6.11 2.04 1.22 0.871 0.679

7 9.16 3.06 1.83 1.31 1.02

8 14.3 4.77 2.87 2.04 1.59

9 17.3 5.78 3.56 2.47 1.92

r
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AND TRANSMI SSION GATES

CARRIER	
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KVCO
ERROR MAXIMUM DC LOOP

NAME OF DETECTOR VCO K	 K FREQUENCY MAXIMUM LOOP NATURAL
LOOP SENSITIVITY SENSITIVITY E	 VCO OFFSET ERROR GAIN FREQUENCY

SEC" 1 SEC-1 HERTZ

CARRIER 100
TRACCK IING 0.050 VOLT 2.5 MHz

2.5 X	 10 5 400 KC 9 DEG 16.0 X	 10 6 300
1'I'	 RAG VOLT

1000

100

SUBCARRIER
0. 500 VOLT 2.5 MHz 6

2.5	 X	 10 400 KC 9 DEG
6

16.o	 X	 10 300TRA
CKING RA0 VOLT

1000

100
RECEIVE CLOCK

TRACKING
6 4 VOLT 35,65

228 40 4 nS 104 300
PLL

'us
VOLT SEC

1000

TknNSMIT 45.2	 v01.T
^—

35 .65 ^ 1610 40 'us 40 nS 103 1.0PLL VOLT
S17

2.0

PN SoSEC 100SEC
RA?JG I N VOLTI'LL

DAMPING FACTOR = 0,707



KF1

)P BL LOOP DC GAIN
1RAL NOISE SWITCH FILTER

MODE RF T1 T2
OF

R1 R2JENCY BANDWIDTH POSITION LOOP FILTER C

RTZ HERTZ SEC MS OHM OHM uF

333 3 4o,5 2.25 225 10

1000 2 INVERT 4.05 MEG 4.50 0.75 100 40.5K 683 1.1

3330 1 0.405 0.225 2250 0.1

333 3 40.5 2.25 225 10

1000 2 INVERT 4.05 MEG 4.50 0.75 10 405K 683 1.1

3330 1 0.405 0.225 2250 0.1

319 0 2.54 X	 10" 2 2.24 39K 0.0442

835 1 NON-INVERT 51OK 2.82 X	 10` 3 0.65 43.9 12K 137K 0.004

1790 2 2.54 X	 10-4 0.125 470K 0.00027

1.66 3 INVERTING 101 449 11.2K 40
(WITH

3.33 2 DIFFERENTIAL 2.5 MEG 25.4 224 0.62 4.0 MEG 22.3K 10
INPUT)

'	

6.66 1 6.24 112 45.6K 2.45

SEE TABLE 3.5 -2

Figure 2. 4-3. Summary of PLL Parameters
(T2445122)
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3. DESCRIPTION OF TDMA EXPERIMENT

The experimental program, Phase II, was to demonstrate the feasibility of the
TDMA system using a medium altitude satellite and a small ground station. The
Relay II satellite was used for the tests; Figure 3.0-1 summarizes the Relay II
orbit parameters. The small ground station was defined as one having a 10 foot
antenna and a 300K system noise temperature.

The program was constrained to use one ground station for both the master and
slave terminals. Two TDMA terminals were constructed and installed in the
Nutley ground station. The electrical interface between the TDMA equipment
and the ground station is described in Section 3. 1.

The test set up and instrumentation is described in Section 3.2. The test set up
was arranged so that both TDMA terminals were electrically independent except
that they both received the same i f input from the station receiver and their i-f
outputs were summed to drive the station transmitter. The main part of the
instrumentation was a chart recorder which had eight analog channels and five
event markers.

The original test set up had to be modified at the beginning of Phase H because
of a local interference problem at the Nutley ground station. This problem and
the modifications made are described in Section 3.3.

The test program covered the period from January 15 to June 1, 1967. During
this period all possible types of Relay II orbits of interest were observed from
Nutley. These included maximum and minimum range, maximum doppler and
maximum douoler rate. Experiments were performed during 55 passes slid
several other passes were also scheduled but were cancelled due to equipment
malfunctions. A complete operations summary of all passes scheduled is
contained in Section 3.4.

3.1 TDMA TO NUT LEY GROUND STATION INTERFACE

A block diagram of the transmit interface is shown in Figure 3.1-1. The i-f
outputs of the two 'TDMA terminals are coupled to the summer/limiter and 0.8
watt amplifier. The output of the 0.8 watt amplifier is coupled to the high level
mixer input of the AN/GRC- 66 exciter. This input is available after disconnecting
the 70 mhz frequency modulator internal to the exciter from the mixer.

The other input to the high-level mixer is from the exciter local oscillator at
1. 5 watts. Thus, with 0.8 watt i-f to the mixer, the two signals are comparable
in amplitude. It was found that with --cis amplitude, the exciter had a tendency
to limit and degrade the on-to-off ratio in the pulsed mode. By attenuating the
i-f signal, a more satisfactory on-to-off ratio was obtained without any noticeable
sacrifice in exciter output power of 14 watts at the operating frequency. The
exciter front panel meter in the MOD position monitors the i-f level from the
TDMA. The attenuator preceeding the i-f mixer input is adjusted for 10 ua on
this meter in the cw mode.

3-1



DESCRIPTION OF TDMA EXPERIMENT
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r

The exciter output is coupled to the 10 kw kl strop power amplifier. The outputp	 p	 Y	 p	 p	 p
is coupled to the antenna by waveguide. A waveguide switch is located at the base
of the antenna tower to transfer the output to a water load. This waveguide switch

J	 is controlled from the console and must be set to ANTENNA, green indication,
for normal operation. A previous waveguide switch for moon bounce operation
was removed.

A coaxial directional coupler is used to couple a portion of the exciter output to
the satellite simulator. The satellite simulator has an adjustable input attenuator

i	 which is normally set so that the age voltage indicates 31 ua on the simulator
11	 panel meter. The simulator output is coupled to the receiver input as described

below. Alternatively, the simulator input can be obtained from a directional
coupler on the power amplifier output waveguide. This is usually done just prior
to the beginning of a pass to provide a, check on the klystron tuning. The output
can also be monitored by the TDMA operator with a spectrum analyzer.

It is necessary to turn on the exciter power supply and also the moon bounce
sequence switch in the small dome to operate the exciter. In addition, the 2
kmc exciter switch on the console must be on green indication. The exciter is
interlocked with the power amplifier and antenna limits by breaking the 115 vac
power to the exciter 800 volt supply. This interlock will only interrupt the
exciter if the beam voltage is on.

When the antenna elevation is below limits, the exciter is interrupted as indicated
by failure to obtain the green indication on the 2 kmc exciter switch on the console.

A block diagram of the receive interface is shown in Figure 3. 1-2. The Nutley
station previously had two receivers, the tracking receiver and the communica-
tions receiver. The tracking receiver is used as before, but the communications
receiver has been replaced at i-f by the TDMA equipment. The antenna mounted
from` end components for the communications receiver are used as before.
These components consist primarily of the uncooled paramp, the mixer and pre
i-f, and the communications receiver local oscillator.

The sum channel waveguide from the antenna is coupled to a diplexer, one output
of which drives the tracking receiver sum channel mixer. The other output is
coupled to the paramp through a waveguide switch. The paramp varactor bias

!	 and pump level are adjusted from the communication receiver rack in the small
dome. These are normally set to approximately 8 ua and 5 ma, respectively.
The paramp output is coupled through a coax switch to the mixer and pre i-f .
The switches at the input and output of the paramp are controlled from the
console and should set to ITT, green indication, for .normal operation.

`I

r-
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DESCRIPTION OF TDMA EXPERIMENT

The paramp was measured on the bench to have a noise figure of 3.5 db. The
nominal gain of the paramp, mixer and pre i-f is 45 db but was measured as
50 db. This is consistent with previous measurements made on the station. A
Hewlett-Packard G347A argon gas noise tube is coupled to the sum channel
waveguide to make system noise temperature measurements (this is also coupled
to the tracking receiver difference channels waveguides). The coupling loss is
18.2 db. A test signal input to the noise tube waveguide is also available and
this is coupled to the small dome by coaxial cable. This is used to couple
signals from the beacon simulator for testing the tracking receiver and from
the satellite simulator for loop back testing of the TDMA equipment.

The pre i-f amplifier is followed by a 37 db linear amplifier, located in the
antenna compartment. The output is coupled to the TDMA patch panel by 50-ohm
RG-214/U coaxial cable. The gain of this amplifier was chosen so that no
limiting would occur on the strongest background interference measured. The
signal levels indicated in Figure 3.1-2 are for minimum predicted signal
strength for the Relay II satellite.

A patch panel was constructed for mounting the i-f filters and amplifiers in the
large dome. Numerous BNC connectors are available for convenience in
modifying connections to the TDMA terminal i-f inputs. As described in
Section 3. 3, the received i-f of the master sync burst was changed to 76 mhz to
avoid strong local interference. The broadband received i-f from the antenna
amplifier is coupled through a 3 mhz bandwidth 5 pole gaussian approximate
bandpass filter centered at 76 mhz, which is sufficiently wide to pass the 800 khz
sidebands of the master sync burst.

A problem in the system design for the TDMA interface is how to keep the signal
input level to the 76 mhz phase locked loops constant at the design level of 0
dbm. The two approaches considered were the use of a bandpass limiter and
agc operated from the pulsed signal.

It was felt that agc would be excessively complicated with the variable TDMA
format used. Therefore, the 76 mhz bandpass filter is followed by a wideband
limiter with dual outputs at 0 dbm. The limiter will go into full limiting with
noise alone. The tests with this approach have been highly successful and the
fact that noise fills the output during intervals between signal pulses appears to
cause no difficulty.

The broadband i-f signal from the antenna is coupled through a 750 khz bandwidth
5 pole gaussian approximate bandpass filter centered at 70 mhz, which is suffi-
cient to pass the 100 khz sidebands of the psuedo noise modulation and still
narrow enough to avoid the local interference. Sino—_ the TDMA terminals
already have limiters at the input of the 70 mhz phase locked loops, it is only
necessary to amplify the filter output by 15 db to ensure full limiting. The
70 mhz filter output is a convenient point to make noise figure measurements. A
patch can be made by a cable, No. 216, to the 70 mhz input of the noise figure
meter located in the small dome.
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DESCRIPTION OF TDMA EXPERIMENT

I
.A. problem was encountered in the operation of the 10 kw klystron power amplifier
in the pulsed mode, Before each pass, it was tuned while transmitting a ew

a	 carrier. In addition, the output power was adjusted to the cox sect value in the
ew mode because the power meters respond to average power and are not accur-
ately calibrated at the low average power which results in the pulsed mode.
It was discovered that if the klystron was not tuned properly for wideband operation
the actual peak power in the pulsed mode was several db below that measured in

i	 the ew mode due to the drift of the klystron tuning with time.

3.2 TEST SETUP AND INSTRUMENTATION

A block diagram of the test setup is shown in Figure 3.2-1, The 14 outputs of
each TDMA terminal are summed to drive the station transmitter and the i-f
output, of the station receiver drives both terminal inputs. The chart recorder
is used to record the following types of data:

® Real time
d Loop lock signals
• Acquisition mode signals
9 Range modulo 18.56 km
• Timing error

An event marker was used to record second and minute ticks from the station
clock. The clock time was checked before and after each pass with standard
time broadcasts from CHU, Ottawa, Canada. Occasionally, WWV, Fort Collins,
Colorado was used instead. The clock setting was kept with 0. 1 second of correct
time, and in addition, the clock error was recorded before and after each pass to
within 10 milliseconds. Except for a few passes of duration greater than about
one half hour, a one cm/sec chart speed was used. This permitted reliable
measurement of event times to within 0.1 second.

The phase difference between the transmitted and received TDMA signal provides
a direct measurement of satellite range modulo 18. 56 km. The ambiguity results
from the approximately 8 khz frame repetition rate. A more detailed discussion
of this range measurement is contained in Section 8. A phase detector is connected
between the transmit and receive timers in the master terminal to provide this
measurement.

The colocation of the two TDMA terminals at the same ground station provides a
convenient way of measuring timing error. After the master and slave terminals
have acquired, both should be transmitting their formats in phase. Timing error
is then measured by comparing the phases of the two transmit timers. By
connecting the phase detector to different points in the divider chain in the timer,
various resolutions in this measurement can be obtained.

3-4
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DESCRIPTJON OF TDMA EXPERIMENT

Figure 3.2- 2 shows a portion of a typical chart recording obtained. This shows
one run of the slave acquisition experiment. The data recorded on the various

^	 channels is as follows:
'f

Number	 Analog Channel	 Event Marker

1	 Slave transmit mode status	 Master terminal transmit
4 phase locked loop lock

2	 Motor driven phase correction Slave terminal carrier
k	 to slave transmit clock 	 tracking phase locked loop

u^	 lock
3	 Tracking receiver agc 	 Slave terminal receive clockrk	 tracking phase locked loop

!	 lock
4	 Slave receive mode status 	 Slave terminal transmit

phase locked loop

L	 5	 Timing error - 123.75 us 	 Not used
full scale

6	 Timing error - 11, 25 us 	 Pseudo noise ranging phase
full scale	 locked loop lock

7	 Pseudo noise cross correlator Real time
output

8	 Range modulo 18.56 km	 Not used

To illustrate the meaning f this recording, the slave acquisition procedure willg	 g,	 q	 p
be described briefly.

The slave terminal must first acquire the sync burst received vii, the satellite
from the master terminal by locking the phase locked loops for carrier tracking,
receive clock tracking, and transmit doppler compensation. After the receive
acquisition is completed, the slave begins transmit acquisition by transmitting
a ranging signal. The ranging signal is then acquired by locking the subcarrier
tracking and the pseudo noise ranging loops. The transmit clock phase is
further adjusted by the fine slew which completes the transmit acquisition.

The start of the receive acquisition experiment occurs when the operator steps
the receive mode from 0 (step) to 1. This occurred at 20h 15m 26. 9s for t^h
run shown in Figure 3.2-2. The carrier tracking loop acquisition time i^ meas-
ured from this starting time until the carrier tracking loop lock time which is at
15m 37. Os in Figure 3.2-2. The total receive acquisition time is measured
from the starting time until the transmit loop lock, 16m 44.4s in Figure 3.2-2.

3-5

x

t



V.

DESCRIPTION OF TDMA EXPERIMENT

11;

I The carrier tracking loop is acquired by using a manual procedure for assuring
lock to the correct spectral line. This procedure is discussed in Section 4. The
receive clock tracking loop usually locks at about the same time as the carrier
loop.

The start of the transmit acquisition experiment occurs when the operator steps
the transmit mode from 0 (stop) to 1, 15 m 47, 08 in Figui a 3.2- 2. The transmit
fine slew starts when the operator steps the transmit mode from 1 to 2 and ends
when he steps from mode 2 to 3. These occurred at 15 m 51.1s and 16m 55.28
respectively, in Figure 3.2-2.

It was recognized during the test period that a doppler preset was required for
the transmit phase locked loop. Previously, the doppler preset for the receive
clock loop was used to preset the transmit loop as well, since the transmit loop
is normally locked to the receive loop. It was found that the receive loop locked
too quickly for the transmit loop to follow and frequently difficulty was experi-
enced in subsequently locking it.

It was decided to use the same voltage for preseting both the receive and trans-
mit loops. A schematic diagram of this modification is shown in Figure 3.2-3.
The preset voltage drives the two loops in opposite directions in frequency to
correspond to the foldover action of the transmit phase locked loop. This
modification has been entirely satisfactory and no further difficulty with the
doppler preset has been experienced. The revised schematic diagram for the
transmit phase locked loop is shown in Figure 3.2-4.

A phase detector circuit was designed for use in the test setup and is described
next. This phase detector provides output voltages which are directly propor-
tional to the difference in phase between two repetitive input waveforms. Figure
3.2-5 is a schematic diagram for the phase detection card. Input pins 11 and
13 are connected through filters (100 ohms, 300 pf) to remove noise spikes from
the inputs to be compared. Pins 15 and 17 provide direct inputs, if desired
instead. The r-c filter between pins G and H, in conjunction with gates G3 and
G7, generate narrow negative pulses at pin K for each negative going edge of the
respective inputs. These pulses are used to set and reset a flip-flop consisting
of gates G4 and G8. Toggling occurs on each cycle of the input waveforms. Pins
N of G4 and G8 (complements of each other) exhibit pulses of the same frequency
as the inputs, but the duty cycle is directly proportional to the difference in phase
between the two inputs. Q1 and Q2 buffer the outputs, and the r-c integrators
(27K, 4700 pf) produce output voltages, also complementary, which are directly
proportioned to the duty cycle of the fiip-flop outputs.

The TDMA terminal has four transmit and four receive acquisition modes. It
was desired to record the acquisition mode on a single analog channel rather
than using several event markers. For this purpose a mode status decoder
circuit was designed.

3-6
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r

This hand-wired printed circuit card contains two identical circuits (See Figure
3.2-6), one for decoding each of the receive and transmit timer mode states.
It provides output voltages, for chart recording, in linear steps corresponding
to related BCD inputs,

Referring to the receive timer portion of the card, three BCD inputs, from
mode state flip-flops, are connected to pins 6, 10, and 18. The voltages present
at these inputs are either 0 volts for logic 0 or 3, 5 volts for logic 1, The three
input resistances perform a weighted addition of the flip-flop outputs. The emitter
follower output, pin 24, is then linearly related to the input state.

For mode 0, all inputs are at 0 volts, and the output is low, approximately 0. 45
volts. For mode 7, all inputs are at 3.5 volts, and the output is relatively high,
2.7 volts. Intermediate states are separated by approximately 0. 28 volts per
step. The 1 K output resistor provides short-circuit protection.

r̀' E

3.3 INTERFERENCE PROBLEM

After the TDMA terminals were installed in the Nutley ground station, they
were tested using the satellite simulator for loop back. Initially the carrier had
a 70 mhz i-f and the subearrier had a 68 mhz transmit and 76 mhz receive
frequency. The loop back tests were satisfactory when the antenna was pointed
at zenith.

A strong interfering signal was n tired as soon as the antenna was moved off of

zenith. A horizon search was made and the source of this signal was found to
be at 135, 2 degrees azimuth and 0.4 degrees elevation. This is in the direction
of lower Manhattan from the Nutley station.

The main problem with this interference was that it was received at a significant
signal level with almost any antenna orientation. Starting from a random orienta-
tion, small displacements will cause the signal level to go through peaks and
nulls where the peaks are generally 10 db above the desired signal with the
satellite at maximum range. With the initial TDMA installation, these inter-
fering signal peaks would drive the i-f amplifier into limiting and suppress the
desired signal. It was found that the system would not operate in the presence
of this interference.

The carrier of the interfering signal is at 41.70 mhz and has strong sidebands
to approximately 4 mhz on either side. This is essentially the frequency band

r	 which was to be used for the TDMA experiments although a narrowband signal,
not more than 100 to 200 khz modulation, at either 4165 or 4175 mhz appears to
be clear of interference. The AT&T Company reported that they have a micro-
wave transmitter, KEA22, operating on 4170 mhz at 40 0 43' 12" N, 740 00' 18W.
Since this checks exactly with the azimuth and elevation measured from the Nutley

i	 station, it is presumed to be the source of the interference. Mr. V. Robinett of
AT&T Company was contacted and asked if a change in frequency allocation

3-7
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could be made to avoid this interference. Although he was cooperative, no
solution could be found which was permanent and also practical for AT&T to
implement.

To correct the interference problem, the master sync bu.-L wbi ;;ad the pseudo
noise ranging code frequencies were interchanged so that : ,- aarrower band
pseudo noise code is received at 4175 mhz. The interferr^nce on the pseudo
noise signal can be filtered out with a narrowband filter at 70 mhz. The wider
band master sync burst is then received at 76 mhz i-f which is clear of inter-
ference. The interference must be filtered out at a low level so that it does not
cause limiting and suppression of the desired signal. These changes were

y zplemented; a complete description of the new TDMA to Nutley station interface
was given in Section 3. 1.

3.4 OPERATIONS SUMMARY

Monthly summaries of the station operations between January 15 and June 1,
1967 follow.

January 1967

ORBIT NO. DATE REMARKS

8085 1-18-67 Satellite tracked, could not illuminate without
interfering with tracking receiver.

8100 1-20-67 Satellite tracked and illuminated with 9 kw.

8144 1-26-67 Satellite tracked but not illuminated.

8173 1-30-67 Satellite tracked intermittently due to
tracking receiver failure.

8181 1-31-67 Satellite not tracked due to intermittent
cracking receiver operation.

February 1967

8203 2-3-67 Could not lock TDMA due to strong interfm,ence.

8288 2-15-67 First successful lock of TDMA master
terminal.

8303 2-17-67 Performed Experiment 1, Marginal
tracking.

8339 2-21-67 Experiment 1.

8354 2-23-67 Experiment 1, experimented with klystron
tuning.

8387 2-28-67 First successful lock of TDMA slave terminal,
performed experiment 1.

3-8
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March 1967

ORBIT NO.	 DATE REMARKS

8394	 3-1-67 Pseudo noise timing error measured on scope,
approx. 0.2 us.

8443	 3-8-67 Maximum elevation 85 0 .	 Pseudo noise timing
error measured on scope, same as prepass
bias error.	 Motor in pseudo noise loop turned
off for about 5 minutes, accumulated 0.2 us
additional timing error over this period.

8458	 3-10-67 Added fill bursts to see effect on pseudo noise
loop.	 Loop consistently dropped out with "7
fill bursts and would not reacquire.

848 17	 3-13-67 Near zenith pass, 88. 5 0 max. elevation.	 Used
manual track near zenith.	 Initial TDMA lock
slow due to doppler preset on transmit phase
locked loop.

8501	 3-15-67 Initially tracked on antenna sidelobe. 	 TDMA
acquired but was noisy. 	 Reacquired tracking
on main lobe.

8516	 3-17-67 TDMA acquisition slew due to transmit phase
.Locked loo p doppler preset.

8538	 3 -20-67 Transponder initially commanded into narrow-
band mode.	 TDMA carrier acquired but
suppressed when subcarrier transmitted. 	 OK
after transponder commanded to wideband mode.

8560	 3-23-67 Two runs on experiment 1, slow acquisition
both times due to transmit phase locked loop
doppler preset.

8561	 3-23-67 TDMA acquisition slow due to master carrier
tracking loop doppler preset being too far off
and locking on a spurious signal„	 Several runs
of Experiment 1A.

8619	 3-31-67 First use of modification to provide doppler
preset for transmit loops. 	 Three runs of
Experiment 1A.
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DESCRIPTION OF TDMA EXPERIMENT

A2ril 1967

ORBIT NO. DATE REMARKS

8641 4-3-67 Six runs of Experiment 1A.
8642 4-3-67 Eight runs of Experiment 1A.
8656 4-5-67 Experimented with fill bur sts.
8657 4-5-67 Seven runs Exp. 2 and 3.
8671 4-7-67 Six runs Exp. 2 . and 3, lost track temporarily

at maximum elevation (850).
8700 4-11-67 Five runs Exp,.. 2 and 3, experimented with

carrier tracking PLL using 5000 hz bandwidth.
8708 4-12-67 Ten runs Exp. 2 and 3.
8723 4-14-67 Nine runs Exp. 2 and 3.
8745 4-17-67 Seven runs Exp. 2 and 3.
8752 4-18-67 Six runs Exp. 2 and 3.
8759 4-19-67 Seven runs Exp. 2 and 3.
8760 4-19-67 Six runs Exp. 2 and 3.
8774 4-21-67 Three runs Exp. 2 and 3. 	 Maximum elevation

is 810.
8775 4-21-67 Three runs Exp. 2 and 3.
8796 4-24-67 Pass cancelled, power supply failure in

antenna compartment.
879'i 4-24-67 Pass cancelled, power supply not repaired.
8803 4-25-67 Eight runs Exp. 2 and 3.
8804 4-25-67 Six runs Exp. 2 and 3.
8818 4-25-67 Pass cancelled, Rosman antenna stuck in stow.
8819 4-27-67 Nine runs Exp. 2 and 3, temporarily lost

track at 750 elevation.
8826 4-28-67 Seven runs Exp. 2 and 3, experimented with

fill bursts.
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DESCRIPTION OF TDMA EXPERIMENT

May 1967

ORBIT NO. DATE REMARKS

8848 5-1-67 Seven runs Exp. 2 and 3, experimented with
fill bursts.

8905 5-9-67 Exp. 4 Instrumentation checkout.

8906 5-9-67 Exp, 4 (Timing Error)

8920 5 -11-67 First test with modified pseudo noise lock
detector.	 Acquired with nine fill bursts.
Exp. 4, lost track temporarily due to high
(86. 50) elevation.

8921 5-11-67 Signal level calibration, recorded satellite
AGC and return signal level with various
transmit powers.

8951 5-15-67 Exp. 4, with zero and one fill burst. 	 Lost
track near end of pass due to unstable antenna
servo caused by change in azimuth channel gain.

8958 5-16-67 Exp. 3 and 4 with zero to nine fill bursts.

8959 5-16-67 Exp. 3 and 4 with zero to nine fill bursts.
Temporarily lost track due to high (870)
elevation.

8973 5-18-67 Exp. 2, 3 and 4 with zero to nine fill bursts.

8974 5-18-67 Exp. 2, 3 and 4 with zero to nine fill bursts.

9002 5-22-67 Exp. 2, 3 and 4 with zero to nine fill bursts.

9003 5-22-67 Exp. 2, 3 and 4 with zero to nine fill bursts.

9010 5-23-67 Exp. 2, 3 and 4 with zero to nine fill bursts
and transmit powers to 0. 5 and 1. 0 kw.

9011 5-23-67 Exp. 2, 3 and 4 with zero to nine fill bursts.

9032 5-26-67 Transponder did not turn on until nearly the
end of the pass.	 No experiments were- performed.

9033 5-26-67 Exp. 2, 3 and 4 with zero to nine fill bursts.

9054 5-29-67 Exp. 2, 3 and 4 with zero and nine fill bursts.

9055 5-29-67 Exp. 2, 3 and 4 with zero and nine fill bursts.

9069 5-31-67 Exp. 2, 3 and 4 with zero and nine fill bursts.

9070 5-31-67 Transponder did not come on until late in pass.
Signal too weak to hold TDMA lock. 	 This was
due to poor look angle at end of pass.

3-11
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DESCRIPTION OF TDMA EXPERIMENT

,Tune 1967

ORBIT NO.	 DATE	 REMARKS

9076	 6-1-67	 Exp. 2, 3 and 4 with zero and nine fill bursts.
Transponder went off abruptly 1 minute before
end of pass.

9077	 6-1-67	 Exp. 2, 3 and 4 with zero and nine fill bursts
added from master and from slave.

3-12
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RELAY II ORBIT PARAMETERS

LAUNCH DATE JANUARY 21,	 1964

APOGEE ALTITUDE 743O KM

PERIGEE ALTITUDE 2073 KM

INCLINATION 46.3	 DEG,

PERIOD 194.7	 MIN,

MAXIMUM RANGE	 (SEE NOTE) 11,600	 KM

MAXIMUM ONE WAY DELAY 38.6 MS

MINIMUM ONE WAY DELAY 6.9 MS

MAXIMUM DOPPLER 19	 PARTS/106

MAXIMUM DOPPLER RATE 6.5	 PARTS /108 /SEC.

NOTE: MINIMUM ELEVATION = 5 DEG.

Figure 3. 0-1. Relay II Orbit Parameters (A2445138)
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4. CARRIER TRACKING PRASE LOCKED LOOP

As discussed. in Section 2, 3, the carrier tracking loop locks to the periodic sync
burst received from the master. It operates in conjunction with the receive
clock tracking phase locked loop and the sync burst detector. This turned out
to be one of the most difficult areas of the system to implement. Since the sync
signal is periodic, its spectrum consists of a number of discrete spectral lines
spaced at the repetition frequency which is approximately 8 khz. The carrier
tracking phase locked loop then can lock to any of these spectral lines and initially
acquires a multiple of 8 khz from the incoming frequency,

A manual acquisition procedure was used to insure that the loop locks to the cor-
rect spectral line.	 This procedure is described in Section 4. 1.	 The acquisition
time is fairly long because of this manual procedure. 	 Section 4. 2 contains a

TA summary of the carrier tracking phase locked loop acquisition time. 	 Possible
techniques for making this acquisition procedure automatic were studied and are
discussed in SectV)n 4.3.

An alternate method of making the carrier track-ling phase locked loop automatic
would be to widen the loop bandwidth to the point where it could not lock to the
wrong spectral line.	 Since the bandwidth at which this occurs was not known,
an experiment was conducted using various loop bandwidths wider than the 1000
hz used in the original design. 	 The results of these tests are described in
Section 4.4.

4.1 CARRIER TRACKING LOOP ACQUISITION

The carrier tracking loop function is to demodulate the 800 khz sync burst. 	 The
acquisition of the pulsed signal with this loop is quite tricky and various techni-
ques were tried with varying degrees of success.

The following methods were tried for acquisition in the pulsed mode:

1.	 Preset frequency method.

2.	 Sweep method.

The pulsed mode represents the acquisition problems encountered by a slave sta-
tion trying to come in sometime after the master station is operational.

In the preset method, 	 the frequency of the loop is preset to the expected return
frequency based on predicted doppler shifts vs time.	 For this method to work
perfectly, the preset frequency must be within f4 khz of the received frequency
and this frequency not only includes doppler shift but all frequency errors intro-
duced by any of the oscillators in the system; i. e., transmitter up-conversion
oscillator, transmitter i-f oscillator, conversion oscillators in the satellite,
and the down-conversion oscillator in the receiver. 	 Because this is a gated
loop, and the gate timing has not yet acquired, the first few samples most proba-
bly occur at the wrong time.	 This admits noise into the loop which throws the
preset frequency off.
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CARRIER TRACKING PHASE LOCKED LOOP

1

Ineneral it was found that the loo would acquire several spectrum lines offg	 P
using this technique.The signal could be jogged in by momentarily shorting out
the error signal with loop error shorting switch and by observing the output sig-
nal on a scope. If the error is to or 2 lines, the slope of the signal on the scope
indicates the direction to turn preset dial to find the carrier and the acquisition
is rapid. More often, the loop is many lines out and some trial and error is in-
volved slowing down the acquisition process.

In the sweep method, the confusion of which way to turn the dial is largely re-
moved and leads to the fastest acquisition. In this method the preset dial is
turned to an extreme position, e. g. , clockwise. The operator now knows re-
gardless of where he is in the time of the pass that he must turn the dial counter
clockwise to acquire the signal. Doing this at a rate of about 2 turns per second
he will acquire within a few lines, i. e. , within 5 turns or 2 1/2 seconds. At
this point he uses the shorting switch, except that now lie knows that the dial must
continue counter clockwise. With an experienced operator, acquisition of the
carrier line would take place within 3 or 4 jogs. This method worked out to be
the best manual method in practice.

In the master station and in a slave, which can track at the beginning of a pass,
lock up on carrier can be automatic, by shorting out the gate, which makes the
loop a full time loop. At first, cw carrier and pulsed modulation is transmitted.
The loops automatically acquire within 0. 1 second when preset to 76 mc. As soon
as the loops have been locked up, the shorting switch is opened. This allows the
loops to continue tracking in pulsed mode. Next the master station transmits inp	 g	 p	 ,
pulsed mode and the loops continue to track..

The Sub-Carrier Tracking Loop has the ambiguity problem of locking to the wrong
spectrum line, even though the loop is ungated. This is due to the spectrum lines
of the pseudo noise signal itself. To acquire this signal, the modulation is turned
Off, and the loop walks over to the carrier; the modulation is now turned back on
and the loop continues tracking the carrier.

4.2 ACQUISITION TIME MEASUREMENTS

The carrier tracking phase locked loop acquisition time was measured as part of
the master acquisition in cw mode experiment, the roaster acquisition in pulsed
mode experiment and the slave receive acquisition experiment. The most exten-
sive data was taken for the latter experiment. Little difference was noted be-
tween the slave receive acquisition and the receive portion of the master acquisi-
tion in the pulsed. mode. For this reason more time was spent on the slave ac-
quisition experiments because they provide much additional information not ob-
tained in the master acquisition experiments.
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CARRIER, TRACKING PHASE LOCKED LOOP

When the master terminal acquires in the ew mode, the carrier tracking phase
locked loop is operated ew also. This removes the spectral line ambiguity prob-
lem and the loop a%quires automatically and within a relatively short time as
shown below. Table 4-1 summarized the acquisition time measurements for the
carrier tracking phase locked loop.

TABLE 4-1. SUMMARY OF CARRIER TRACKING PHASE LOCKED "LOOP
ACQUISITION TIME

Exp. No.	 Experiment	 Average	 Std. Dev. Trials

1A	 Master Acquisition - CW Mode
Average for all loop bandwidth 1.40 sec	 - 17

Average for 1000 hz loop band-
width 0.47	 - 14

1B	 Master Acquisition - 8.65	 - 6

Pulsed Mode

2	 Slave Receive	 - over-all 12.73	 8.66 sec. 106

- standard
parameters 10.88	 6.32 41

Histograms showing the distributions of the acquisition times for slave experi-
ments are shown in Figures 4. 2-1 and 4. 2-2. The method of tabulating the data
for these experiments is discussed in detail in Chapters 5 and 6. For the pre-
sent, it suffices to note that the manual acquisition procedure requires from
about 5 to 25 seconds.

4.3 AUTOMATIC ACQUISITION OF THE CARRIER PLL

It was pointed out earlier that the gated phase locked loop is subject to spectral
line ambiguity problems. These were resolved in the experimental equipment
by a skilled operator employing an oscilloscope display, a loop error shorting
switch, and the preset frequency dial. A brute force solution to the problem of
automatic acquisition would be to replace the operator function electronically.
This would lead to shorter and more consistent acquisition time.

The operator uses the slope of the gated phase detector output to determine which
direction to stress the loop before depressing the shorting switch. This suggests
that a double feedback loop could automatically lock to the right spectral line.
Such a system might be implemented as shown in figure 4.3-1.
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CARRIER, TRACKING PHASE LOCKED LOOP

As shown in block form, this circuit consists of the original phase locked loop
components shown in Figure 2.4-2 with the addition of four blocks in the lower
right of the diagram. These components are gate 2, a differentiator, an ampli-
fier, and a threshold detector. The circuit performs as follows: Assume that
the operator has preset the loop to f3 lines of the correct frequency. Assume
that the output of amplifier 2 is 0. 1 volt per line of error; that is, an error of
-0.3 volts for -3 line error, 0 volts for 0 error, to +0. 1 volt for 1 line of error.

Assume that the threshold detector opens gate 2 if the differentiator signal is
greater than ±0.05 volts. If the operator had preset the loop to the carrier the
differentiator output would be zero and the loop would lock up to the carrier,
gate 2 remaining closed at all times. If the operator missed the preset frequency
by -3 lines, the differentiator output would be -0. 3 volts. This opens gate 2 and
the loop is driven closer to the carrier line. When the error has dropped below
0.05 volts, the loop is running at less than half a line away from carrier and
gate 2 closes. At this point the normal loop is coat in and since it is less than
1/2 line away from carrier, it will continue to lock in to carrier by itself.

A similar operation tapes place if a +3 line error was made except that the vol-
tages are reversed and the loop moves in the opposite direction. After the acqui-
sition has taken place, the circuit may be broken at point X to prevent a noise
pulse from re-activating the acquisition cycle.

4.4 WIDEBAND CARRIER PLL

The gated 70 MHz PLL was originally designed for a choice of three loop natural
frequencies, 100, 300, and 1000 hertz. The loop is gated at an 8000 hertz rate
and will lock an integral number of 8000 hertz from the incoming carrier frequency.
Also, the output of the sampling gate had a holding capacitor to hold the value of
the error voltage between samples.

A phenomenon was consistently observed with the 1000 hertz bandwidth loop which
is not understood. This phenomenon could be observed when the input signal was
applied at a low level and the loop was locked to the correct spectral line (i. e. ,
the difference between the input and VCO frequencies is zero and not any multiples
of 8000 hertz off). As the amplitude of the input was increased, a point was reached
where the loop changed to a lock point 4000 hertz from the input frequency. When
the input signal was initially applied with normal amplitude, it was impossible to
lock the loop to the correct spectral line. It was felt that this must be a result of
using the holding capacitor because the theory of the gated PLL without a holding
capacitor does not predict such performance.

The circuit was modified by removing the holding capacitor and adjusting the gain
of the loop filter accordingly. Also, capabilities for loop natural frequencies of
2000 and 5000 hertz (damping factor = 0.707) were added.

4-4
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CARRIER TRACKING PHASE LOCKED LOOP

The open loop train for the phase locked loop with various f 11 is shown in Figure
4.4-1. A simplified schematic diagram of the modified loop filter is shown in
Figure 4.4-2. Because the error signal into the loop filter is gated, step inputs
are applied to the operational amplifier filter circuit. A rise time filter is placed
ahead of the operational amplifier to prevent these step inputs from causing the
amplifier output to exceed its maximum slew rate.

The rise time filter has the same response as a low pass r-c circuit with 3 db
loss at 700 khz and a rise time of 0.5 us. Because the source impedance of the
gate circuit is time varying, I. e., switching between essentially all 	 and
short circuit, the low pass filter used is a constant resistance bridged tee con-
figuration. This prevents the time varying source impedance from effecting its
frequency response.

This low pass filter appears on the open loop gains as a breakpoint at 700 khz
(not shown in Figure 4.4-1). This breakpoint, which was determined by the
maximum slew rate of th.e present operational amplifier, places an upper limit
of approximately 50 khz on the loop natural frequency.

The solid curves shown in Figure 4.4-1 are really loop gains averaged over one
sampling period. They are determined by multiplying the gain when the gate is
closed by the duty factor of the gate. This procedure is only valid when the loop
bandwidth is much less than the sampling rate. The instantaneous loop gain
(during the time the gate is closed) for the 5000 hertz loop is shown by the dotted
line in Figure 4.4 - 1. This corresponds to a loop natural frequency;

fNe f 
N/ d 1/2 _ 17, 500 hertz

and damping factor

Zf / _ ^ /d 1/2 = 2. 481

where d is the duty factor for the gate.

For frequencies above about 10 khz, the instantaneous closed loop appears as a
first order loop with radian bandwidth Equal to 547 kr/s. During the time the
gate is open, the loop will accumulate some phase error due to instability of the
voltage controlled oscillator. When the sampling gate closes, the accumulated
phase error will appear to the loop as a step phase error. The response of a
first order loop is such that the phase error will decay exponentially with a
time constant equal to the reciprocal of the radian bandwidth. For the 5000
Hertz loop discussed, this time constant is approximately 2 us compared with
the period of 10 us during which the sampling gate i.s closed.

4-5
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CARRIER TRACKING PHASE LOCKED LOOP

This behavior was actually observed with the 2000 and 5000 hertz loop natural
frequencies. The accumulated phase error at the start of the sync burst appeared
to be distributed over 190 degrees and decayed during the first few microseconds
of the burst.

One of the reasons for trying the wider bandwidth loops was to see if they would
still lock an integral multiple of 8000 hertz from the input frequency. It was
found that the 2000 hertz loop still locked to the wrong speeft al line but that the
5000 hertz loop did not.

Another reason for the experiment was to see it the effect of power supply hum
on the input signal phase or on the voltage controlled oscillator output could be
reduced. Originally the receiver local oscillator in the Nutley ground station
had an afe control. It was found that power supply hum was picked up on the afc
control lead which ran from the small dome to the antenna compartment. With
this condition, the 1000 hertz loop reduced the hum on the demodulated signal to
an acceptable level. The 2000 and 5000 hertz loops offered little advantage be-
cause of the increased phase jitter during the beginning of the sync burst. The
100 and 300 hertz loops could not be used because the hum caused a phase error
greater than 90 degrees over most of the hum period. It is of interest that the
loops even locked in this condition.

The voltage controlled local oscillator in the receiver was then connected to a
fixed crystal oscillator. This essentially eliminated the hum and also improved
the frequency stability by an order of magnitude. After this modification, any
of loop bandwidths could be used. Only the 100 hertz loop showed evidence of
hum and this is believed to be due to the voltage controlled oscillator.

A further experiment with the 5000 hertz loop bandwidth during orbit number 8700
was conducted. As discussed above, there is in this case considerable noise on
the demodulated, sync burst because the loop loses phase coherence between suc-
cessive sync bursts and takes several microseconds at the beginning of each burst
to reacquire. Because of this high noise level, the TDMA terminal will not hold
lock for more than a few minutes with the 5000 hz bandwidth. It reacquires

E	 quickly, but the operation is not satisfactory*.

An experiment with the satellite was tried while operating the master terminal
with a 5000 hz carrier tracking phase locked loop bandwidth. The performance
was the same as found with the satellite simulator; i. e. , the terminal immedi-
ately locks to the correct line but experiences dropouts every minute or so.

...,.....,a ..:. .	 <:,.., :,: ......,cm:,.-.^. ::..m..e-..':^.^c°::'°.^_.^ ..,.._...:.^....""'..`► ..=aK:7wrR.'"S'_:'1.+^7]AR:-.:`F:xet1M.'.fS"-TV.'R'^l^s?>..-'.^+,,.^..:^+€.. »p,_.......-1.: 	 __ ...
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5. RECEIVE ACQUISXTION TEST RESULTS

The results of Wee types of experiments are presented in this chapter;

Exp. 1A W Master acquisition time - cw mode

Exp. 18 - Master acquisition time w pulsed mode

Bxp. 2 - Slave receive acquisition time

Although the first two of these are total terminal acquisition times, they are
presented with the slave receive acquisition time because there is practically no
difference between total master acquisition and slave receive acquisition. In fact,
the only difference is that the dopplier compensation is a closed loop operation in
the cake of the truster and is an open loop operation for the slave. However, since
the transmit phase locked loop banawlAth is small compared with the reciprocal of
the propagation delay, the acquisition time does not depend on whether the doppler
compensation is open or closed loop.

The master terminal was designed to perm,t it to acquire in either the ew or pulsed
mode. The slave terminal always operates in the pulsed mode.

The various terminal parameters such as loop Lmndwidths were varied during the
experiments. A large number of runs using a fixed set of parameters were also
made to provide a standard of comparison for the varied parameter runs. The
parameters chosen for this fixed set were felt to provide the best normal operation
and are referred to as the standard parameters.

5. 1 MAST1r1i, SYNC ACQUISITION - CW MODE

A total of 17 runs of the master sync acquisition experiment in the cw mode were
conducted. The results are summarized in Table 5-1. In this experiment the
carrier tracking phase locked loop is operated ungated, the receive clock tracking
phase locked loop is operated gated and the doppler is preset prior to the run for
all loops.

The run is started by transmitting carrier from the master terminal. The time
the carrier on-off switch is turned on is recorded on an event marker channel of
the chart recorder. The carrier is transmitted cw and is modulated by pulsed
600 khz. The acquisition time for the carrier tracking phase locked loop is measured
from the time the carrier is transmitted until the time the carrier loop loc%s.

-x,

The receive Clock tracking phase locked loop acquisition time is measured from
the time the tsarrier loop locks until the time the receive loop locks. The transmit
phase locked loop acquisition time is measured from the time the receive loop
locks until the time the transmit loop locks. The total master acquisition time is
measured from the time carrier is transmitted until the transmit loop locks.

m
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RECEIVE ACQUISITION TEST RESULTS

After, the run the carrier tracking phase locked loop is switched to gated operation
and then the transmitted carster is switched to pulsed mode. Since the 800 khz
modulation was already gated, this pair of changes does not effect the acquisition
already obtained.

In the ew mode experiment as described, it is possible for the carrier loop to
lock a considerable time before the receive loop. This is not true in the pulsed

a	 mode when these two loops must lock at essentially the same time. it is
conceivable, for example, that after the carrier loop has acquired, the receive
loop is gated on during an interval of no 800 khz clock modulation. This condition
could persist if the master sync envelope detector failed to reset the receive timer
so that the receive loop gate time overlaps the received modulation burst.

On the other hand, it is also conceivable, but less likely, for the receive loop to
lock somewhat before the carrier loop. In this case an entry in the column for
receive clock loop acquisition time in Table 5-1 would be negative.

It is interesting to observe that neither of these conditions actually occurred. As
seen in Table 5-1, the receive loop locked an average of 65 milliseconds after the
carrier loop. This demonstrates that the master sync envelope detector was
effective in resetting in the receive timer.

The results in Table 5-1 summarize all runs of this experiment. Table 5-2
shores the average acquisition times of the various loops for specific loop band-
widths. It can be seen that the average acquisition time for the carrier loop with
the 1000 hz bandwidth is much less than that shown in Table 5-1. In the latter
table, runs 2, 3 and 4 of orbit 8641 correspond to loop bandwidths narrower than
1000 hz and required a longer time to acquire. The 100 hz loop bandwidth was
used on run 3 but did not provide satisfactory operation because it could not
follow the local oscillator variations as discussed in Chapter 4.

TABLE 5-2. MASTER TERMINAL LOOP ACQUISITION TIMES
EXP. 1A, - CW MODE

	

LoopNumber	 Average
Name of Loop	 Bandwidth	 of Runs	 Acquisition Time

Carrier Tracking	 1000 hz	 14	 0.47 see.

Receive Clock Tracking	 100	 10	 0.10

	

300	 4	 0
a	 1000	 3	 0.03

Transmit	 0.5	 8	 2.34

	

1	 3	 1.0

	

2	 6	 6.2

a

5-3
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RECEIVE ACQUISITION TEST RESULTS

Generally it was found that for this experiment the acquisition time was partly
dependent on loop bandwidth but was more dependent on the accuracy to which the
doppler was preset. This can be seen for the transmit phase locked loop in which
the average acquisition time for the 2 hz loop bandwidth was greater than that for
the 0.5 liz loop bandwidth.

5.2 MAS'T'ER SYNC ACQUISITION - PULSED MODE

Seven runs of the master sync acquisition experiment in the pulsed mode were
conducted. The results are pu gamarized in Table 5-3. The experiment is
conducted the same as the ew mode described in Section 5. 1 except that the
carrier is in the pulsed mode.

The longer time for the carrier loop acquisition was discussed in Chapter 4. The
data in 'fable 5-3 is not considered as useful as that obtained for the slave receive
acquisition experiment because the former was obtained at the beginning of the
test perilsd when the experimental technique was still in the procec;3 of improvement.
In addition, it was obtained Before the doppler preset for the transmit phase locked
loop was added. However, it was not found to be necessary because of the relatively
low doppler experienced at that time.

The data does verify that the acquisition time does not depend on whether the
'	 doppler compensation is open or closed loop as can be seen by comparing it with

that of the next section.

5.3 SLAVE RECEIVE ACQUISITION

A total of 106 runs of the slave receive acquisition experiment were VL.I ducted and
the results are summarized in Figures 5.3-1, 5.3-2 and 5.3-3. 11. '4- :. experiment
the master terminal is acquired at the beginning of a pass and tracks the remainder
of the pass in receive and transmit modes three. Table 5-4 lists the master
terminal parameters used during the slave acquisition experiments.
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MON TESIT RESULTS

^.t

Prior to a run, -the operator breaks all slave terminal loop locks which were
acquired during a previous run. The slave acquisition begins when the operator
steps the receive mode from zero to one. He then acquires the carrier tracking
loop to the correct spectral line by the procedure described in Section 4. 1. The
receive clock loop acquires at nearly the same time as the carrier loop. The
operator then checks for transmit loop lock. This loop acquires by itself if the
doppler preset is accurate, however, in cases where the doppler rate is high, it
is sometimes necessary for the operate to adjust the preset to speed up transmit
loop acquisition.

The definitions of loop acquisition times are the same as described in Section 5. 1
except that the starting time of the run is measured from the time the receive
mode is stepped from zero to one. After the transmit loop has acquired, the
operator steps the receive mode to three (it goes to mode two automatically during
receive acquisition).

The acquisition time for the carrier tracking phase locked loop was presented in
Figure 4.2-1. A summary of the total receive acquisition is shown in Figure
5.3-4. It can be seen 1:bat average receive acquisition time was 16.08 seconds
while the average carrier loop acquisition time was 12.73 seconds. It can be
concluded then that most of the receive acquisition time is required for coding
the carrier tracking phase locked loop.

As mentioned previously, a number of runs using fixed standard parameters for
the slave terminal were made. The results are summarized in Figure 5.3-5. A
histogram for the carrier loop was shown in Figure 4.2-2 and histograms for the
LrallsiIlI phase 1GCis".eii loop and the sldvC receive a%gllflsition titilcs are _U v" " '"rlix to
Figures 5.3-6 and 5.3-7.

As a general observation, the orbit parameters under which an experiment was
conducted had no noticeable effect on the results. As an example, Table 5-5
shows the effect of doppler on slave acquisition time. In each case the eight runs
with the lowest and highest doppler in the standard parameter case were picked.
No significant difference appears, especially when compared with Figure 5.3-5
which gives the standard deviation for these runs.

1
1
1
1
1 5-6
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TABLE 5-5. SLAVE ACQUISITION VERSUS DOPPLER
STANDARD PARAMETERS

Average Acquisition Times
Low Doppler	 High Doppler

Carrier tracking phase locked loop	 M^ 0 sec. 	 11.75 sec.
Total receive	 15.3	 11.3
Subcarrier phase locked loop and 	 2.0	 5.0
pseudo noise coarse slew

Pseudo noise fine slew	 2.75	 3.2
Total transmit	 5.8	 9.1

Note; Low doppler - 8 runs; range rate 0 w 1500 m/sec
High doppler - 8 ruts: range rate 4600 - 5600 m/sec



ORBIT
NUMBER

DATE
RUN

NUMBER

START
TIME
(GMT)

RANGE
KM

RANGE
RATE
M/SEC

SLAVE TLRMINAL PARAMETERS
(SWITCH	 POSITIONS)

CARRIER
SUB

C RECEIVE TRANSMIT
PN
AT PH COARSE

PLL "PLLER PLL PLL WIDTH
GAIN SLEW

9657 4/5/67 1 23:12:42.8 3146 2140 I 1 0 1 1 0 4

2 2304:04.4 2985 1316 1 1 O 2 1 0 4

1 2305.40.0 2923 0240 1 I 0 3 1 4

4 23:17:37.1 2965 1090 1 1 0 2 1 0 4

5 2309:23.5 31$0 2120 1 1 0 2 1 0 4

6 23:21:40.6 3496 3020 1 1 0 2 1 0 4

7 23:23;16.2 3810 3460 1 1 0 2 1 0 4

8671 4/7/67 1 20:25:33.6 3478 482o I 1 0 3 1 0 7

2 20;26:58.0 3090 4?17 1 1 0 3 1 0 7

3 2028t58.0 27118 3527 1 1 0 3 1 0 7

4 2007:10.2 2866 3816 I 1 0 3 1 0 7

5 20:39:37.1 3485 4590 I 1 1 3 1 0 7

6 20;47:05.0 4202 4956 1 1 1 3 1 0 7

8700 4/11/67 1 18:25:15.1 3904 5206 1 1 2 3 0 5 7

2 18:28:29.9 2978 4220 1 1 0 3 0 5 7

3 18_35:07.6 2341 1674 1 1 0 3 0 5 7

4 18:36:45.3 2575 3077 1 1 0 3 0 5 7

5 18;38:48,' 3032 4260 1 1 0 3 0 5 7

8708 4/12/67 1 20:30iyU.2 3542 4700 1 1 1 2 0 3 7

2 20:32:41.2 3086 3990 1 1 1 2 0 5 0

3 20:34:05,7 2758 3192 1 1 1 2 0 5 0

4 20,:36:00 0 2470 2000 1 1 1 2 0 5 4

5 26:37:22.2 2356 0500 1 t 1 2 0 5 4

6 20:40:17.6 2548 2210 1 1 ; 2 0 5 4

7 20:42:38.2 29?0 3646 1 1 1 2 0 5 4

8 20;45:28.9 3670 4556 1 1 1 ? 0 5 4

9 20141:12.3 4145 4812 1 1 1 0 5 4

10 20.48:49.6 4634 4932 1 1 1 2 0 5 4

8723 4/14/67 1 21:13:32.8 3872 4668 1 I 0 2 0 5 7

8723 2 21:16;21.4 3165 3665 I 1 0 2 0 5 7

3 21:17:55.8 2846 2786 1 1 0 2 0 5 7

4 21:23:52.1 2702 2020 1 1 0 2 0 5 7

5 21:26:26.i 3128 3400 1 1 0 2 0 5 7

6 21:28:SO.3 3684 4144 1 1 0 2 0 5 7

7 21:31;26.0 4366 4550 1 1 0 2 0 5 7

8 21:33;02.4 4812 4671 1 1 0 2 0 5 7

9 21:35105.2 5390 4736 1 1 0 2 0 5 7

8745 4/17/67 1 20:37:07,0 3370 4308 1 1 0 2 0 5 ?

2 20:40:56.7 2610 2070 1 1 0 2 0 5 7

3 20:46;21.2 2712 7512 1 1 0 2 0 5 7

4 20:48729.2 3116 3650 1 1 0 2 0 5 7

5 20:49043.2 3340 4094 1 1 0 2 0 5 7

6 20:51:17 3 3800 4470 1 1 0 :! 0 5 7

SW I TCH POSITION 0 1	
_y

1000

2	
--..3

300 ~100

4- 5 n b 7

CARRIER AND ' SUBCARRIER PLL BW-HZ

RECEIVE CLOCK TRACKING PLI. BW-HZ bop BCO 1000
TRANSMIT PLL BW-HZ

PN COARSE SLEW STEP - ;ze

PN FINE SLEW STEP - LIS

1.25 2.5 3.75 5 61_2 5
1 .78D

i 
1.5 8.75 1	 10

.15 6 .312 1 . 466 1.625 .936 1.092 1 1.25

FULDOUT FR"E 
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AL PARAMETERS
POSITIONS)

ACQUISITION TIME	 - SECONDS

FILL - REMARKS

PN COARSE FINE 3URSTS CARRIER RECEIVE TRANSMIT TOTAL SUBCARRIER °N TOTAL TOTAL
'Ty	 GAIN SLEW SLEW PLL PLL PLL RECEIVE apN0 I'fnS TRANSMIT TERMINAL

CdARNp

0 4 0 - 8.1 -0.2 0,5 9.8 8.5 2.0 11.3 30 5

f 4 J - 14.6 -').4 4,6 1818 3.4 2,4 6.4 38.3 SUBCARRIER UNLOCKfl`
AFTER ACQUISITION

t 4 0 - 13.2 0 +25.'1 39.1 18,6 5.0 29.7 4'=.8 TRANSMIT PLL NET tOCKFO
INTERNALLY

0 4 O 1,4,8 26.1 O O.I 26.2 7.2 3,6 11,6 42 9

0 4 0 1,4,8 518 0 1,7 7,5 4,2 1.4 G.8 20.11

0 4 4 1,4,8 8,.3 •0.1 1,8 11,0 3.3 113 5.9 18.1

0 If 4 1,4,8 35.6 0 -0,1 35.5 3.8 1,4 6.1 48.1

0 7 0 - 2.9 -0.3 22.9 25.5 23.1 4,3 28.6 39.5 XMT Pit	 SLOW 6 OPERATOR
ERROR

0 7 0 - 13.0 +22 -0,1 15,1 3.2 3.9 8,7 28.3

0 7 0 - 33.7 -0,3 1.0 34.6 7,5 4,1 12.3 49.17 5111W CARRIER LOCK

0 7 0 - II,I -7,1 1019 19.9 21.7 313 20.8 38,1 OPERATOR Ekli RS

0 7 0 - 22,6 -0.2 -0.2 22,2 3.2 3. It 7.7 35.5

0 7 0 24,7 28,5 -1.7 8.9 35.7 2.5 1.6 4,7 44,5

5 7 0 - 12.4 -13,2 19,7 i1.9 21,4 1.7 24,0 33.7 FIRST TIME MOTOR GAIN
ADJUSTED

5 7 0 - 11,6 -1.6 -0.1 9.9 3.4 4.o 9.6 25.7

5 7 0 - 33.6 -21.6 14,3 26.3 215 3.4 6,8 38,6 FORGOT TO USE AUTO SLEW

5 7 0 - 16.6 •1.3 1 1.1 28.4 211 5.9 9,7 39.2

5 7 0 3,4,5,6 22.7 -0,2 S.,) 2).4 - .. 4.8 9.4 42.9

5 7 0 6,2 -0.4 8,0 13.8 4.5 1.6 7.9 26.6

5 0 0 13,4 -0.3 0 13.1 1,7 6.5 1012 28.4

5 0 0 - 18.r -0,3 2.8 17.8 12,3 4,8 17.7 40,1

5 4 0 - 25.1 -0.1 -0.1 24.9 3.1 3.4 7.0 34.6

5 4 0 - 8,4 -7,1 -0.1 8,2 1.9 2.2 5.8 17.5

5 4 0 3,4,5,6 61.2 +0.2 -011 61.3 2.3 219 6.3 72.8

5 4 0 3,4,5.6 13.0 -0.3 10.8 23.5 12.5 2,0 16,4 36.8

5 4 0 3,4,5,6 14.o -1.6 D 12,4 2,2 1.7 4.!; 24.6

5 4 0 2,4,6,8 35.0 -0.1 0,8 35.7 5.3 1,6 7.3 45.8

5 4 0 2.4 .6.13 15,1; -o.4 8,7 23.8 6,8 210 10.8 28.7

5 7 0 - 8.3 -0.3 -0.1 7.9 5.8 6.1 12.7 36,8 AUTO ON SLAVE HAD TO BE TURNEC
OFF AFTER ACQUISITION

5 7 0 - 3.4 -0.8 1,5 4.1 1.8 4.0 7,4 19.1

5 7 0 - 14.4 -0.7 -0.1 12.8 6,4 2,5 12.0 34,8

5 7 0 - 4.4 -0.2 4,6 8,8 - - - -

5 7 0 - 11.7 -:A 12.0 19.3 2.5 2,6 5,7 27,7 WENT TO RECEIVE LOOP BW I	AFTER
RUN,5 No EFFECT ON NOISY PN,

5 7 0 - 28.1 -5.4 6,6 31,3 3.8 5.1 9.5 42.2 WENT BACK To BWO BF.FORF, NEXT
RUN

5 7 0 - 1o.4 --I'D 9.4 18.0 5.2 2.7 10,5 31.5

5 7 0 - 10.2 -0.5 6,2 15.9 3.6 2,6 6.1 24.3

5 7 0 - 8.8 -0,1 3.8 12.5 4.5 7.0 13.7 30.1

5 7 0 - 34.3 -0.8 0 33.5 20.9 2,z 22.5 78.7

5 7 0 3 9.4 -I.I 1.0 9.3 1.4 5.3 6,4 23,6 FORGOT TO AUTO SLEW

5 7 0 3 4,o -0.2 519 9,7 2.4 1.9 5.6 20.3

5 7 0 3.1 7.6 -2.7 9.6 14.5 2.1 5.8 9.3 27.1

5 7 0 3,1,4 8.2 -1.4 7.7 14.1 2.3 1.7 4.7 72.i

5 7 0 3,1,4,5 12.7 -4.3 5.1 23.5 1.3 1.5 If 22,

^j

J
7 1

I.7.5
1

Figure 5.3 -1. Slave Receive .Acquisition
(Orbit 8657 to 8745) Summary
(D2445145 Sheet 1)
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ORBIT
NUMBER

DATE RUN
NUMBER

START
TIME
IGMT)

RANGE
RANGE
RATE
M/SEC

SLAVE TERMINAL PARAMETERS
(SWITCH POSITIONS)

CARRIER
SUB

RECEIVE TRANSMIT
PN

PN C
PLL CATER PLL PLL WIDTH GAIN S

7 30153,00.8 4274 47o6 1 1 0 2 0 5

8752 4/18/6 1 19113116.3 3918 5238 1 1 0 2 1 0

2 19116100.0 3103 4542 I 1 0 2 1 0

3 i9ti8t21.5 2560 3220 1 1 0 2 3 3

4 19120:27.6 2264 1494 1 1 0 2 1 0

5 19t23t57.3 2354 2310 1 1 0 2 1 0

6 19126145,7 2912 4060 I 1 0 2 1 0

8759 4/19/6 1 17152:29,3 4014 5382 1 1 0 2 1 0

2 17t$3t59.0 3550 5110 1 1 0 2 1 0

3 17155155.6 2990 4530 1 1 0 2 1 0

4 17157158.6 2492 3360 1 1 0 2 3 3

5 18toltO6.5 2132 0950 1 1 0 2 1 3

6 18103t58.9 2360 2750 1 1 0 2 3 3

7 18106107.1 2812 4210 1 1 0 2 1 3

8760 4/19 1 21,23148.0 3198 2932 1 1 0 2 1 3

2 21,29 o. 2 2640 1160 1 1 0 2 1 3

3 21:31,24,7 2918 2695 1 1 0 2 1 3

4 2103111.4 3254 3490 1 1 0 2 1 3

5 21136t20.3 4000 4270 1 1 0 2 1 3

6 21137t54.1 4420 4470 1 1 0 2 1 3

8774 4/21 1 1803t51.0 4622 5538 1 1 0 2 1 1

2 18135:44.1 4008 5342 1 1 0 2 1 1

3 18:42:5P•3 2232 1680 1 1 0 2 1 1

8775 4/21 1 22tO8t56.4 2878 1800 1 1 0 2 1 1

2 22112:35.0 2770 0860 1 1 0 2 1 1

3 22%l4t20.7 2920 2040 1 1 0 2 1 1

8803 4/25 1 16,3400.9 4800 5450 I 1 0 2 1 1

2 16136%15.4 4220 5316 1 1 0 2 1 1

3 1608132.3 3516 4960 1 1 0 2 1 1

4 16t41t20.2 2770 1$700 1 1 0 2 1 1

5 16t45t27.1 2216 1150 1 1 0 2 1 1

6 16:46;41.3 2218 1148 1 1 0 2 1 1

7 16,:47:52.7 2356 2300 1 1 0 2 1 1

8 16:49:04.4 2568 3410 1 1 0 2 1 1

8804 4/25 1 20to8t54.1 2630 2400 1 1 0 2 1 1

2 20:11_00.9 21140 0550 1 1 0 2 1 1

3 20;12157.4 2486 1340 I 1 0 2 1 1

4 20,15:26.9 2820 3090 1 1 0 2 1 1

5 20117:55.7 3355 4110 1 1 0 2 1 1

6 20:2002.1 3905 4580 1 1 0 2 1 1

8819 4/27 1 20t47:45.5 3756 4570 1 1 0 2 1 1

2 20t4g:25.2 3316 4060 1 1 0 2 1 1

3 20%50:59.1 2972 3270 1' 1 0 2 1 1

4 20:53:03.5 2645 1880 1 1 0 2 1 1

SWITCH POSITION

CARRIER AND SUBCARRIER PLL BW-HZ

RECEIVE CLOCK TRACKING PLL BW-HZ^

TRANSMIT PLL BW-HZ

PN COARSE SLEW STEP - qS

PN FINE SLEW STEP - )IS

0	 _1	 2	 3	 4	 ^5	 6	 7

1000 J - 300	 100	
_....._	 .^..-

100	 300	 1000

_0.5	 I	 2	 _

1.25	 2.5	 3.75	 5	 6.25 -	 7.5	 8.75	 10 -

.156	 312	 .468	 .625	 .780	 .938	 1.092	 1.25

e



iAMETERS
SONS)

FILL
BURSTS

ACQUISITION TIME	 - SECONDS

PN
PN COARSE -FINE CARRIER RECEIVE TRANSMIT TOTAL SURCARRIER I, PN TOTAL TOTAL

WIDTH GAIN SLEW SLEW PLL PLL PLL RLCIEVE PN COARSE FINL TRANSMIT TERMINAL

0 ti 7 0 3.1r4r5r1 6,5 4.1 ,9 •0.1 8,3

1 0 7 0 - 16,2 0 0.8 17.0 2,4 4,1 11.9 33.3

1 0 7 0 - 13,2 -1 ,4 0,1 11,9 3.2 11.0 910 27.5

3 3 7 0 11.4 -4.1 -0.2 7.1 0.8 119 5.0 21.8

1 0 7 0 - 6,9 -0.3 0.8 7,4 2,9 4,2 7.7 1911

1 0 7 0 - 17.7 -2,4 1110 76,3 2.5 4.9 8,1 37.5

1 0 7 0 - 1010 -0.2 11.5 14,3 5.5 2.5 8.8 27.4

1 0 5 0 2,8 -0,6 0 2.2 4.7 2.1 7.5 16,9

1 0 7 0 - 8,3 -4.9 4.8 11.2 1,7 8.8 11,8 25.1

1 0 7 0 - 12.1 '0,7 0 11.4 ;,'t 2,8 7.1 23.7

3 3 7 0 - 6,9 -0,2 0 6,7 2.8 4,6 9.0 21.8

3 3 7 0 - 313 -0.1 13.4 16,6 2.6 10.B., 14,4 23.7

3 3 7 0 - 9,2 -0,8 910 17.6 11,0 510 16,5 37.8

1 3 7 0 - 513 -0.2 6.0 1111 1,7 4,6 7,11 2217

1 3 7 0 14,1 -0,3 -0,1 13.7 2,7 2,4 7.3 Ml

1 3 7 0 - 12,8 -0.3 12,0 24,5 1,8 2,2 5.2 36.1

1 3 7 0 - 5.8 -0.1 4.9 10.6 2,3 2,0 4.6 7013

1 3 7 0 - 9,0 -4,0 4.7 9.7 1.3 3.7 7=4 27.1

1 3 7 0 - 10.7 -5.7 7.9 12,9 218 5.0 8,2 23.7

1 3 7 0 - 9.9 -0,2 419 14.6 2.3 3.8 6.8 2315

1 1 7 0 • 3.5 -0,4 -0.1 3.0 8,5 3.2 2,9 23.5

I 1 7 0 - 16,0 -0.7 0 15.3 1,0 2.9 6,4 34.7

1 1 7 0 - 17.7 -0.2 -0,1 17.4 1.5 1,8 3.8 23.7

1 1 7 0 - 3.5 -0.8 1.4 4.1 2.8 2.5 5.9 14,7

1 1 7 0 - 10,0 -0.3 5.8 15.5 1.8 1.7 4.4 23.7

1 1 7 0 - 7,8 -1.7 7.2 13,3 3.3 214 6.3 21.5

1 1 7 0 - 5.0 -0.3 0 4,7 5.1 515 11.2 21.9

1 I 7 0 - 9.2 -0.6 -0.2 8,4 1,6 1.9 4.0 17.2

1 1 7 0 - 18,4 -0.6 -0.1 17.7 3,2 5.2 8.4 32,7

1 1 7 0 - 10,8 -0,I 0 10,7 116 3.7 6.4 20,8

I 1 7 0 - 15.0 -0.6 11.1 18,5 2.2 2.5 5.1 27,0

1 1 7 0 - 1019 -0.2 3.1 13.8 1.3 11.1 7,11 z6.o

I 1 7 0 - 8.9 -0.4 4.1 12.6 2,3 2.5 ..5 20.5

I 1 7 0 - 12.3 -0,1 5.1 17.3 4,0 3.7 8.3 28.9

1 1 7 0 - 16,4 -0.2 -0.1 16.6 1,9 3.9 6.6 28,5

I 1 7 0 - 14.4 -2.2 6,3 18.5 I,3 4.8 6.9 29,9

1 1 7 0 - 9.4 -0,1 3.2 12.5 6.3 4.5 11.5 28,2

I 1 7 0 - 10,0 -2.9
1013 17.5 3.2 4.1 8.2 28.3

I 1 7 0 - 6.2 -0.3 2.8 8,7 1.3 5.2 7.3 20.5

I 1 7 0 - 12,1 -0.2 11,3 16.2 0,9 2.8 5.1 25.0

1 1 7 0 - 1911 -0.1 0 40,0 5.9 3,6 11.3 58.6

I 1 7 0 - T".4 -0.1 0 12.3 3.5 4.5 9.1 25.0

i 1 7 0 - 5.3 -0.2 0.4 5.5 3.1 4.9 9.4 1712

1 I 7 0 - 4.4 -0.1 3.7	 I 8.0 1.3 1.4 3.9 14.7

REMARKS

WOULD NOT LOCK WENT TO
COARSE STEP 116 NO LOCK

DROPOUT AT 18,00;30

RUN NO, 5 WAS DURING
ZERO DOPPLER TIME,

7

]5	
10

92	 1.25

Figure 5.3- 2. Slave Receive Acquisition
(Orbit 8752 to 8819) Summary
(D2445145 Sheet 2)
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FILL

ACQUISITION
	
TIME	 -	 SECONDS

REMARKS
SUB

COARSE FINE BURSTS CARRIER RECEIVE TRANSMIT TOTAL CARRIER PH TOTAL TOTAL
SLEW SLEW PLL I'LL PLL RECIEVE AND PN FINE TRANSMIT TERMINAL

COARSE

7 0 - 5.9 -0.3 3.9 9.5 10,0 4,2 14.3 27.3

7 0 - 13.11 -0.3 -0.1 13.0 1.5 1.6 3.7 21.1

7 0 - 8.5 -3.2 1,0 6.3 3.1 2.7 6.2 20.6

7 0 - 9.0 -0.4 0 8.6 3.1 2.6 6,0 18.7

7 0 - 6.9 -019 -0.1 5.9 1.5 6.0 8.3 20,8

7 0 - 11.9 -0.2 -0.2 11.5 5.3 1.0 7.3 26.2

7 O - 8.4 -0.8 -0.1 7.5 1019 1.9 14.2 29.8

7 0 - 10.0 -0.3 0 9.7 1.5 2.6 4.7 19.7

7 0 - 17.3 -4.0 8,1 21.4 1.3 1.8 4.0 30.4

7 0 - 11.7 -0.3 5.3 9.7 2.4 3.9 6.8 19.6

7 0 3.8 13.9 0 5.9 19.8 3.1 4.9 7.5 31.0

7 0 3.8 9.8 +0.11 7.0 17.2 1.9 6.1 8,5 28.8

7 0 - 19.2 -0,2 0 1910 13.6 3.2 17.5 40,2

7 0 5.5 -0.2 -0.1 5.2 3.0 2.2 5.8 17.6

7 0 - 4.2 -0,1 1.11 5.5 1.4 4.0 6.6 16,0

7 0 - 9.4 -0.7 12.3 21.0 3.5 3.5 7.7 31.5

7 0 - 6.5 -0.3 7.0 13.2 2.0 2.0 4.3 20,2

7 0 - 111,7 -3.1 7.0 18.6 1.7 3.6 5.9 28.0 ^'ORRECTED EARLY/LATE ERROR
IN MASTER AND SLAVE.

7 0 - 10.5 -4.5 8.8 14.8 3.2 3.7 7.5 26.9

Figure 5.3-3. Slave Receive Acquisition
(Orbit 8826 to 8848) Summary
(D2445145 Sheet 3)
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SLAVE TERMINAL ACQUISITION TIME
STANDARD PARAMETERS

STANDARD
AVERAGE	 DEVIATION

RECEIVE ACQUISITION

CARRIER TRACKING PLL (1000 HZ) 	 10.88	 SEC.	 6.32 SEC,

TRANSMIT PLL (1 FIZ)	 2.81	 3.38

TOTAL	 12.89	 6.60

TRANSMIT ACQUISITION

	

SURCARRIER TRACKING PLL (1000 HZ) 3.38	 2.80

AND PN COARSE SLEW (64 US/SEC)

PN FINE SLEW (1 US/SEC) 	 3.26	 1.23

TOTAL	 7.44	 3.12

TOTAL SLAVE ACQUISITION TIME	 25.0	 7.80

NOTES: (1) 41 TRIALS

(2) PN COARSE SLEW STEP =IOuS	 j

(3) PN FINE SLEW STEP =156 nS <1

Figure 5.3-5. Slave Terminal Acquisition Times - Standard Parameters
(A2445141) ,t
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6. SLAVE TRANSMIT ACQUISITION TEST RESULTS

1
1	 After a slave terminal acquires the sync burst from the master, i. e. , receive

sync, it transmits a ew ranging signal. The process of adjusting the phase of
the transmitted ranging signal to bring the received ranging signal into proper
phase with respect to the received sync burst is called transmit sync acquisition.

i
The ranging signal is transmitted at a low level tc
time intervals. On the other hand, occupied time
the ranging signal. This interference amounts to
cage of the relay transponder and therefore it can
and disposition of interferring bursts will have an
acquisition.

avoid interference with occupied
intervals will interfere with
complete suppression in the
be expected that the number
effect on the transmit

The master terminal has provision for simulating interferring bursts with
unmodulated carrier bursts. These simulated bursts are called fill bursts and
are numbered from 1 to 10 according to the time interval during which they occur.
The eleventh time interval is always occupied by the sync burst so that the ranging
signal can never be completely free from interference.

It was found that the most serious effect of the suppression of the ranging signal
by interferring bursts was to reduce the outputs of the lock detectors for the
subcarrier tracking and pseudo noise ranging phase locked loops. That is, these
lock detectors consist of phase detectors followed by threshold comparators.
The thresholds are normally adjusted to indicate lock when the phase detector
output exceeds one half its maximum value. A sufficient number of fill bursts
causes the phase detector output to fall below the threshold and the detector then
indicates no lock. This causes improper acquisition because the pseudo noise
slew operation depends on correct lock indications.

It was found that satisfactory operation with less than approximately five fill
bursts could be obtained by wiring the logic to permanently indicate subcarrier
tracking loop lock. The results of Section 6. 1 were taken under this condition.
Because the lock indication of the subcarrier loop was inoperative, the acquisition
time of this loop could not be measured directly. Instead, the combined

R	 acquisition time of this loop and the pseudo noise coarse search was measured.

Basically the terminal was designed for a satellite transponder why ^.h can be
characterized as a hard limiter. In this case there should be no serious problem
with fill bursts. However, the Relay transponder contains an i-f tripler which
causes the complete suppression effect mentioned above. A detailed analysis of
this suppression effect is contained in Section 6.2.

In order to demonstrate operation with greater than five fill bursts while using
the Relay satellite, a modification to the pseudo noise lock detector was made.
This modification is described in Section 6.3 and permitted satisfactory operation
with any number of fill bursts provided the 1.25 microsecond pseudo noise gate

6-1



SLAVE TRANSMIT ACQUISITION TEST RESULTS
1
1
1

width is used. With this modification the pseudo noise ranging signal is observed
during the 1.25 microsecond guard times and during the empty time interval he
31ave is acg1tirirg to.

6.1 SLAVE TRANSMIT NCQUISITION

A total of 144 runs of the slave transmit acquisition ex erin,Pnt were conductedq	 p
prior to the modification for fill burst operation. 	 The resultt3 are summarized in
Figures 5.3-1, 5.3-2 and 5.3-3. 	 This experiment was conducted following each
run of the slave receive acquisition experiment described in Section 5.3. 	 This
permits a measure of total slave terminal acquisition time as well as individual
acquisition tunes.

The slave transmit acquisition begins when the operator stepss the transmit modeq	 g	 p	 p
from zero (stop) to one. 	 The subcarrier and pseudo noise coarse slew acquisition
ends with pseudo noise lock. 	 When the operator observes this lock he steps the
transmit mode to two which starts the pseudo noise fine slew. 	 The fine slew steps
in the direction to reduce the pseudo noise error. 	 Eventually the fine slew reaches
a point where it oscillates between two steps, reversing direction each time.

The operator observes this on the panel display and steps the transmit mode to
three.	 The pseudo noise fine slew and also the slave transmit acquisition time
end when the transmit mode goes to three.

Occasionally the operator stepped the modes at the wrong time. 	 For example,
several times the operator started transmits acquisition before the transmit loop
locked; i. a. , before the receive acquisition was completed.	 This causes delay
before the operator recognizes the trouble and corrects it. 	 For this reason it
was decided to edit the data to see if the incorrect procedure had any effect on
the results.	 The results using both gross and edited data are presented below.
The edited data consists of omitting five runs during which such improper
procedure occurred.

The acquisition time as defined above does not include settling time for the fine
phase adjustment pseudo noise ranging loop using the motor driven phase shifter.
The motor xs enabled when the t ansmit mode is stepped to three.	 It first
corrects initial phase error remaining after the pseudo noise fine slew and then
maintains sync by tracking the timing error. 	 This time is considered, however,
in the discussion of the results below.

The totaa slave terminal acquisition time is measured from the time the receive
mod,ry is. stepped to one until the time the transmit mode is stepped to three.	 This
includes, then, the time required for the operator to recognize completion of
receive acquisition and to begin transmit acquisition. 	 As discussed below, this
reaction time is approximately one second and occurs several times in the
acquisition procedure.

)
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SLAVE TRANSMIT ACQUISITION TEST RESULTS

Table 6-1 summarizes the transmit acquisition times and compares the results
using the gross data with that using the edited data. The average acquisition time
was not changed very much by the editing, but the standard deviation was reduced
significantly. Histograms for coarse, fine and total acquisition times using the
gross data are shown in Figures 6. 1-1 1 6. 1-2 and 6. 1-3, respectively.

The acquisition times for the standard parameters are shown in Figure 5.3-5.
Histograms for the coarse, fine and total acquisition times are shown in Figures
6. 1-42 6. 1-5 and 6. 1-6, respectively. A histogram for the total slave terminal
acquisition time is shown in Figure 6. 1-7 for the standard parameter case.

As mentioned previously, the standa, d parameters used, which are shown in
Table 6-2, are considered the best choice for normal operation. The reasons
for choosing these particular values will nowbe discusses?,. The optimum loop
bandwidth for the carrier and subcarrier loops was found to be 1000 hertz. As
discussed in Section 4. 4, these loops could not track satisfactorily with the 100
and 300 hz loop bandwidths because of the poor local oscillator stability in the
ground station. Also as discussed in that section, loop bandwidths greater than
1000 hz did not provide satisfactory phase coherence between successive sync
bursts. Therefore these loops were almost always operated with the optimum
value of 1000 hz for the loop bandwidth. Nearly the same performance could be
obtained with a 2000 hz bandwidth kart ape,:.-.ormance degraded rapidly below 1000
and above 2000 hz.

The receive clock loop bandwidth was not critical; it acquired rapidly with any of
the bandwidths used. The narrowest bandwidth, 100 hz, was selected to reduce
receive clock jitter due to noise. One effect was noticed which indicates that this
narrower bandwidth is desirable. The transmit phase locked loop, which ,gas a
much narrower bandwidth, must track the receive clock. Under noisy conditions,
the receive clock jit ter with the 1000 hz bandwidth was sufficient: to cause the
transmit loop tracking error to exceed about 60 degrees fairly often. This caused
the transmit loop lock indication to flicker since the lock detector threshold
corresponds to 60 degrees phase error.

The standard transmit loop bandwidth was chosen as one hz. This was a compromise
between the 0.5 hz bandwidth with somewhat longer acquisition time and the 2 hz
bandwidth with .higher transmit clock jitter. This choice was not critical however
since performance differed only slightly with different bandwidths. The pseudo
noise ranging loop bandwidth was chosen as one hz for the same reasons.

The pseudo noise gate width was selected as 1.25 us because it was the narrowest
and can be used to measure pseudo noise tracking during the guard time between
bursts. This choice and the choice of loop bandwidth determine the pseudo noise
gain switch setting of 1 according to Table 2-2.
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SLAVE TRANSMIT ACQUISITION TEST RESULTS

TABLE 6-2. STANDARD PARAMETERS

Parameter	 Switch Position	 Value

Carrier and Subcarrier 	 1	 1000 hz
Loop Bandwidth

0	 100 hzReceive Clock Loop Bandwidth

Transmit Loop Bandwidth 	 2	 1 hz

Pseudo Noise Ranging Loop Bandwidth 	 -	 1 hz

Pseudo Noise Gate Width	 1	 1.25 its

Pseudo Noise Gain	 1	 —

Pseudo Noise Slew Step	 7	 10 jxs
(64 ps/sec)

IT
Pseudo Noise Fine Slew Step	 0	 0. 156 us

(1 }is/sec)

The pseudo noise coarse slew step was chosen as 10 microseconds because
it is the largest and provides the fastest search of the frame. 	 There was some
question as to whether this was too large since the lock range is only 10 micro-
seconds.	 However, no difficulty with missing the lock range was experienced.
Since the step is made every 156 milliseconds, this step size gives a search
rate of 64 Jus/sec. 	 At this rate one would expect a 1 sec average acquisition time
which is what was observed.

w hould be noted that with this large a step size the phase error after lock occursIts	 g	 p	 p
is uniformly distributed over the full f5 microsecond range. 	 On the other hand, if
a much smaller step size were used, the phase error after lock would be concentrated
near the maximum error of 5 microseconds.	 This results because the search is
in one direction and ends as soon as the edge of the lock range is found. 	 This

ry means that the initial phase error for the fine slew mode would average much
higher than with 10 microsecond coarse step and would increase the fine slew
acquisition time.

Similar reasoning indicates that the smallest fine slew step, 156 nanoseconds, is
the best choice. This is because of the relatively low slew rate of 100- ns/sec for
the motor driven phase shifter. Even the smallest fine slew step gives a much
higher slew rate (1 jus/sec) than the motor driven phase shifter. If the fine slew
step is A microseconds, than the magnitude of the initial phase error for the

i
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SLAVE TRANSMIT .ACQUISITION TEST RESULTS

motor driven phase shifter will be uniformly distributed over the range from zero
to A microseconds. Thus the average initial phase error is minimized by picking
the smallest fine slew step. The 156 nanosecond step is chosen for the standard
parameter so that most of phase error resulting from the coarse slew is slewed
by the higher speed digital slew rather then the motor slew.

As mentioned above, the magnitude of the initial phase error for the pseudo noise
fine slew is uniformly distributed from zero to 5 microseconds. With a slew rate
of 1 jus/sec, we would expect the pseudo noise fine slew acquisition time to be
uniformly distributed between zero and 5 seconds. However, this neglects the
time it takes the operator to recognize that the fine slew is finished and to step
the transmit mode to three. Thus we expect the uniform distribution for the
pseudo noise fine slew time to be displayed by the operators reaction time. As
seen in Figure 6. 1-5, the pseudo noise fine slew acquisition time is close to a
uniform distribution over the range of one to six seconds. The uniform distribution
is shown by the dotted line. Thus we can conclude that the operator reaction time
is close to one second.

Other acquisition time measurements also include the operator reaction time but
the nature of the acquisition time distribution does not permit such an accurate
measurement of this reaction time.

6.2 SIGNAL SUPPRESSION WITH RELAY TRANSPONDER

Several experiments were conducted to determine the effect of fill bursts on the
performance of the pseudo noise ranging phase locked loop. It was found that the
loop would not hold lock if too many fill bursts were added. However, this is to
be expected with the Relay satellite. The reasons for this are described in this
section.

The ranging signal is a continuous carrier which is phase modulated by a periodic
pseudo noise code. Two means are provided to reduce the interference caused by
this ranging signal to the sync burst and occupied time intervals. The most
important is that the power of the ranging signal is chosen to be well below, by 10
to 20 db, that of the sync burst. The other is that the frequency of the ranging
signal is displayed 2 mhz from the frequency of the transmitted sync burst.

Since the power of the ranging signal at the satellite input is much less than the power
of the sync burst or a data burst, the hard limiter in the satellite causes the
composite output signal to consist of the sync and data burst carriers with phase
modulation sidebands due to the ranging signal displaced 2 mhz from the carrier.
The ranging signal is thus called the subcarrier to distinguish it from the carrier
of the sync or data bursts.

6-6
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SLAVE TRANSMIT ACQUISITION TEST RESULTSI

Z
k	 Although the ranging signal does not interfere with the sync burst and occupied

time intervals, the latter signals do interfere with the ranging signal. The non-
linear transfer characteristic of the satellite transponder generally will result
in the stronger signal having a suppression effect on the weaker ranging signal.

The concept behind the ranging technique under consideration is that the satellite
transponder can be characterized as a hard, limiter.

The signal out of such a transponder depends on the relative input power levels of
the ranging signal, interfering burst and noise. It is assumed that in the interest
of system efficiency, the interfering burst, which is actually the main signal
sync burst and data bursts for the system, is at least 10 db greater than the other
two inputs so that it dominates the limiter and uses most of the satellite output
power. The ranging signal power at the satellite output will then fluctuate depending
on whether the interfering signal is present or not.

The most extreme fluctuation will occur if the ranging signal power is much stronger
than the noise at the transponder input. Suppose, for example, that the interfering
signal is 10 db above the ranging signal. Then when an interfering burst is present,
the ranging signal will be 16 db down at the satellite output. However, when there
is no interfering burst, and neglecting noise, the ranging signal will dominate the
limiter and will take the full satellite output power. Thus, the ranging signal power
will fluctuate 16 db depending on whether or not an interfering burst is present.

u $	 This fluctuation will be reduced somewhat if the noise power is comparable to or
greater than the ranging signal power. For example, suppose the noise power
equals the ranging signal and both are. 10 db below an interfering burst. Then the
ranging signal power will be 16 db down with the interfering burst present and
about 3 db down with noise only present.

The input to the subcarrier tracking phase locked loop has a. bandpass filter
which passes only the ranging signal. This is followed by a hard limiter to
eliminate the amplitude fluctuation during a frame period due to interferingT bursts.

The Relay satellite which was used for this experimental program cannot be simply
characterized as a hard limiter, however. Tests on the Relay simulator have
shown that the transponder acts as a hard limiter followed by a triplet. The
following analysis shows that an interfering burst has a .far more serious suppression
effect than that described above. In fact, for practical purposes it can be assumed
that an interfering burst completely suppresses the ranging signal.

Let the transponder input be denoted:
TI
_
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X(t) = m(t) cos wot + p cos (wo + wm)t,

where:

(6.2-1)

m(t) = 1, during interfering burst

= 0 , otherwise

p2 = ratio of ranging signal carrier power to interfering burst power„

w  = interfering burst angular frequency

wm = angular frequency difference between interfering burst and ranging
carrier.

The modulation sidebands on the ranging signal are ignored in writing Equation
6.2-1. Expanding the second trigonometric function in 6.2-1, we obtain:

X(t) = Cm(t) + p cos wmt) cos wot - p cos wmt sin wo	 (6.2-2)

This can be written in the farm:

x(t) = A(t) cos 
F-wo 

t + 0 (t) ,	 (6.2-3)

where:

A 2 (t) _ [m(t) + p cos wmt 2 + p2 sing wmt	 (6.2-4)

p sin w t

tan 8 (t) = m^t + p cos w t	 (6.2-5)
m

Since the interfering burst power is at least 10 db above that of the ranging signal,
we assume p << 1 and use the small angle approximation for tan A in 6.2-5 to obtain,

8 (t) = p sin w m t	 , during interfering burst 	 (6.2-6)

= wmt	 , otherwise.

The effect passing x(t) through a hard limiter and tripler is to give,

{
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SLAVE TRANSMIT ACQUISITION TEST RESULTS

y(t) = A  cos 11 o + 30 (t)7	 (6.2-7)

at the satellite output, or, using 6.2-6

y(t) = Ao cos (3wot + 3p sin wmt), during interfering burst (6.2-8a)

A o cos (3wo + 3wm )t	 , otherwise.	 (6.2-8b)

Thus, when the interference is absent, the ranging signal angular output frequency
will be (3w0 + 3wm ). On the other hand, during the interfering burst the output
frequency will be 3w  phase modulated by a sinusoid or angular frequency w 
with peak phase deviation of 3p radians. The output in this case is at an
angular frequency of 3w  with sidebands at 3w  f wm, i. e. , no significant output
appears at 3w  + 3w,tn.

The conclusion of this analysis of the tripler is that the ranging signal power is
completely suppressed by an interfering burst. Of course, this complete
suppression is a result of the small angle approximation in the analysis. On the
other hand, experiments with the Relay transponder generally agree with the
analysis and show that this suppression effect is, for practical purposes, essentially
complete.

In the slave sync acquisition experiments described in the previous section, the
data bursts in the format were simulated by fill bursts which are unmodulated 10
s burst of carrier generated b the master terminal at the same frequencyp g Y q Y and

level as the sync burst. The number of fill bursts present is selectable and can
vary from zero to ten. Counting the sync burst which is always present, the

}	 number of interfering bursts can then vary from one to eleven.

The output of the bandpass filter and limiter at the subcarrier tracking loop input
T	 is only noise during-an interfering burst. The lock detector in the subcarrier

tracking loop has its threshold adjusted at 50 per cent of that lock phase detector
output which occurs with full signal input. It should be expected then, that lock
will not be indicated when approximately 50 per cent of the full input signal is
suppressed by interfering bursts. The same situation occurs with the pseudo noise
cross correlator lock detector.

Thus, the Relay transponder behaves quite differently than the hard limiting satellite
assumed for system design. The problem which then arises is how to design the
experimental program using the Relay satellite to reasonably simulate a system
designed for a hard limiting satellite. The simplest approach and the approach,

_	 initially followed was to go ahead and use the system with Relay as is. Satisfactory
results were obtained except when a large number of fill bursts are added.
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However, there was also another approach which was in fact implemented after
the test program started. This approach made use of the ranging signal during
the 1.25 microi;econd guard time between data bursts and the modification which
was made to do this is described in the next section.

6.3 MODIFICATION FOR OPERATION WITH FILL BURSTS

As described at the beginning of this chapter, the lock signal for the subcarrier
tracking phase locked loop was wired to indicate lock at all times. The actual.
operation of the subcarrier tracking phase locked loop was observed as fill
bursts were added. It was found that the loop would retain lock even with all
fill bursts in.

The case of all fill bursts in is an extreme which cannot occur in practice because
at least the burst in which the slave station will transmit data must be unoccupied
prior to the slave acquisition. This is important because it was found that although
the subcarrier loop would hold lock with all fill bursts, it could only be acquired
if there was at least one unoccupied time interval. The reason for this is that the
operator needed this time interval in order to be able to observe when the loop
was locked to the correct spectral line.

With no fill bursts it was found that the problem of locking the subcarrier loop to
the correct spectral line could be resolved by removing the pseudo noise modulation.
However, with a large number of fill bursts, the periodic suppression of the
subcarrier generates spectral lines in the unmodulated ranging signal. The
procedure used to lock the subcarrier loop with nine fill bursts; i. e. , one unoccupied
time interval, was the same as used for locking the carrier loop to the correct
spectral line. The average acquisition time for the subcarrier loop then becomes
the same as required for the carrier loop rather than the shorter time presented
in the previous section.

Since the pseudo noise timing error detector could be operated with a 1.25 micro-
second gate width, the only modification required for fill burst operation was to the
pseudo noise lock detector. It was desired, therefore, to add the 1.25 micro-
second gating pulse used for the timing error detector to lock detector reference
signal. Inspection of the circuit, see Figure 6.3-1, showed that this could be done
by making a connection between input pin 9 and the output K of flip-flop Z5. This
was very easily done by adding a jumper between pin F of Z8 and pin I of Z9 on the
printed circuit card.

This modification was made at the time the instrumentation was setup for the
timing error experiment. During the period of these latter experiments, the
slave acquisition was tried a large number of times using nine fill bursts. Except
for the longer subcarrier loop acquisition time, results similar to those described
in Section 6. 1 were obtained.
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7. TIMING ERROR TEST RESULTS

The slave acquisition experiments were initially run with instrumentation with
sufficient resolution to accurately measure timing; error which had a magnitude
comparable with the 1.25 microsecond guard time. However, this was not
sufficient to measure the timing Error which actually occurred because it was
found to be much less than the guard time.

A phase detector was then used to measure the phase difference between the
master and slave 800 khz transmit clocks which gives a full scale resolution of
1.25 microseconds. Furthermore, the chart recorder gain was adjusted so that
1 mm corresponded to about 25 'nanoseconds timing error. This, however, was
still not sufficient resolution to measure jitter due to noise.

No attempt was made to increase the resolution beyond this because of timing
variations due to other causes besides noise. That is, variations in timing error
on the order of 25 nanoseconds were observed due mainly to changes in signal
strength and to adding or subtracting fill bursts. These variations which are
called bias errors were found to be more significant than timing jitter due to
noise.

Figures 7. 0-1 and 7.0-2 illustrate the type of timing errors encountered. These
figures show the timin:o error measured during two typical orbits. The 1.25
microsecond phase detector output was recorded on the chart recorder during
the pass and was calibrated before and after each pass using the simulator for
loop back. The pre and post calibrations were usually different (see Figure 7.0-2)
so that timing error was defined as the difference between the phase detector
reading and the average of the pre and post pass phase detector outputs. The fact

ti	 that the pre and post calibrations were different indicates some bias drift with
time. This is understandable since the amount of drift is only about one percent
of the 1.25 microsecond pulse used for sync.

It can be seen that there is still a timing error during the pass which is greater
than the calibration drift. This was found to be due to the difference in signal
strength and is again a bias effect. The other main source of these bias errors
was the addition or deletion of fill bursts. Figures 7.0-1 and 7.0-2 shows the
effect of adding successive fill bursts and of then removing all of them.

In the orbits shown, the fill bursts were added one at a time but were not removed
until all were removed together. This shows that the fill bursts do not give an
additive effect, that is, there may be no significant difference whether one or
nine fill bursts is added.

An overall summary f the timing error measurements is shown in Figure 7.0-3.Y	 g	 6'u
This compares the measured errors with the target specifications which were
used in the design phase. It can be seen that these specifications were met; the
maximum timing error never exceeded 75 nanoseconds.
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8. ADDITIONAL RESULTS

8. 1 SATELLITE LOCAL OSCILLATOR STABILITY

A number of measurements were made to determine the satellite local oscillator
stability. The two main causes of variation in received carrier frequency are
doppler shift and local oscillator drifts. The doppler shift can be predicted
accurately and the local oscillators in the ground station can be measured. Thus,
if the local oscillators in the satellite are sufficiently stable, it may be possible
to preset the carrier and subcarrier tracking phase locked loops close enough to
avoid locking to the wrong spectral line. As discussed in Section 4. 1, there are
other difficulties beside the local oscillator stability which prevented actually
doing this. However, the results described here were intended to resolve the
question of the satellite local oscillator stability.

It was found that the drift rate in the local oscillators in the ground station was
too great to permit resolving the satellite stability to the necessary accuracy,
±4 khz, required to preset the carrier tracking loops. On the other hand, it
was demonstrated that the satellite stability is very good and it is suspected that
it is much better than the measurement could resolve.

The method of measurement was to record the received subcarrier frequency at
zero doppler time. This frequency was compared with the same frequency
measured with loop back through the satellite simulator. Thus the result is a
measurement of the offset between the local oscillators in the simulator and the
same oscillators in the satellite. This technique should eliminate the station
local oscillator variations from the measurement. However, the station local
oscillators drifted so fast that the difference between pre and post pass measure-
ments was as large as the frequency variation measured. Thus, it is possible .
that the measured variation was due to the station local oscillator rather than the
satellite.

Since the satellite simulator is in a controlled environment, it was felt that its
variation would not be as great as that of the satellite. It was observed that the
simulator would stabilize in frequency quite rapidly after turn on, less than one
minute. However, there is no way to be sure that the drift observed after warm
up was due primarily to the station or the simulator.

The results obtained are shown in Table 8-1. The frequencies shown are the
amount the received subcarrier frequency, as measured by the subcarrier tracking
loop voltage controlled oscillator when in lock, exceeds 69 mhz. The measure-
ments of the prepass and postpass loop back through tlia simulator and their
average are shown. Also shown is the subcarrier frequency received from the
satellite at zero doppler time. The last column is the difference between the
average subcarrier frequency on loop back and from the satellite at zero doppler
time. This is then the offset between the simulator and the satellite; in all cases
the satellite frequency was lower than the simulator frequency.

1
i
1
I
i

i
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ADDITIONAL RESULTS

It is seen that the average offset is 23 khz and the standard deviation is 7. 17 khz.
The measurements toward the end of the period show much smaller variation
between pre and post pass readings and also show the offset close to the average.
As mentioned above, there is no way of knowing if the 7. 17 khz variation is
actually due to variation in the offset between the simulator and the satellite or is
clue to the rapid variation in the station local oscillator.

It should also be pointed out that when the subearrier frequency was measura'd
on loop back, readings taken a few minutes apart usually differed by a%,,.wut 1 khz
and occasionally by several kliz. These loop back readings normally would drift
about 1 or 2 khz cyclically over a time of about four or five minutes and also would
sometimes show longer term drifts of 10 or 20 khz over a period of perhaps 30
minutes.

TABLE 8-1. SATELLITE LOCAL OSCILLATOR STABILITY

Orbit Zero Satellite
No. Date Prepass Postpass Average Doppler Offset

8760 4-19-67 942 khz 938 kliz 940 khz 915 khz 25 khz

8774 4-21-67 945 940 943 916 27

8775 4-21-67 950 944 947 922 25

8803 4-25-67 939 933 936 890 46

8804 4--25-67 942 937 939 915 24

8819 4-27-67 938 932 935 913 22

8826 4-28-67 960 934 947 917 30

8848 5-1-67 934 918 926 899 27

8905 5-9-67 863 863 863 848 15

8906 5-9-67 900 884 892 858 34

8958 5-16-67 906 904 905 894 11

8959 5-16-67 916 909 912 897 15

8974 5-18-67 916 909 912 891 21

9002 5-22-67 902 900 901 884 17

9003 5-22-67 909 907 908 890 18

9010 5-23-67 910 908 909 889 20

9011 5-23-67 915 911 913 892 21

1	 8-2
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ADDITIONAL RESULTS

TABLE 8-1. SATELLITE LOCAL OSCILLATOR STABILITY (Cont)

Orbit Zero Satellite
No. Date Prepass Postpass Average Doppler Offset

9033 5-26-67 910 khz 904 khz 907 khz 890 khz 17 khz
9054 5-29-67 898 896 897 874 23
9069 5-31-67 873 869 871 849 22
9076 6-1-67 854 866 880 838 22

8077 6-1-67 869 865 867 842 25

Average = 23.05 khz
Standard Deviation = 7. 17 khz
Number of Trials = 22

8.2 RANGE MEASUREMENTS

As will be discussed in the Appendix, the instrumentation for the master terminal
provides for the measurement and recording of the satellite range, module 18.56
km. The measured range was compared with the predicted range for a number of
passes. After discussion with the technical officer, it was decided not to continue
the reduction of these measurements since it was felt that they were not are

eoo.,fa l part, of +ha TT11AA +net nrnoram - ThP raze data is recorded in any event00
on all passes and could always be reduced at some future time if this was found
to b p- desirable.

The results for those cases in which the data was reduced are summarized in
Table 8-2. Plots of range residuals for two orbits are shown in Figures 8.2-1
and 8.2-2. An estimate of the bias error which could be caused by signal path
delay in the station was made and indicated that such a bias error should not
exceed 0.5 km. Based on the data in Table 8-2, there appears to be a bias on
this order of magnitude.

8-3



ADDITIONAL RESULTS

TABLE 8-2. COMPARISON OF RANGE MEASUREMENTS WITH
PREDICTED RANGE

Orbit Number Date Range Residuals (Predict) Range Residwk18 .?, ostdict)

Min.	 Max. Min.	 ,dax.

8354 2-23-67 -1.54 kni	 1. 17 km -2.24	 -0.2

8387 2-28-67 -4.24	 -2.24 -1.00	 -0.07

8394 3-1-67 -3.26	 -1.29 -1.76	 0.03

8487 3-13-67 -3.90	 1.90

8501 3-15,67 -0.87	 0.24

1856 3-17-67 -2.90	 2.81

8538 3-20-67 -1.05	 1.58

8-4
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9. CONCLUSIONS

The feasibility of acquisition and maintenance of synchronization in a TDMA
system using a medium altitude satellite and a small ground station was success-
fully demonstrated. A terminal can completely acquire synchronization in lees

1	 than one minute and maintain relative burst timing to an accuracy Fetter than
0. 1 microsecond.

A number of conclusions about specific areas of the system follow:

1. The doppler compensation system was found to be very successful and it is
felt that it contributed significantly to achieving; the excellent timing accuracy
obtained.

1. The use of a low level ranging signal to avoid interference with occupied time
intervals was another very successful technique. This is particularly
appropriate with a hard limiting satellite transponder because the ranging
signal uses lull transponder output power when it falls on unoccupied time
intervals. The suppression effect found when using a cw ranging signal
indicates that a burst type ranging signal is more suitable.

3. The fact that a set of standard parameters were found best for normal
operation shows that most of the switches used in the experimental equip-
ment can be eliminated in an operational equipment. A number of threshold
adjustments were provided, but it was found that they also could be axed.

4. The use of phase modulation and coherent demodulation was appropriate.
However, this puts more severe requirements oil 	 stability than
necessary for fill systems.	 Specific recommendations about oscillator
stability considerations are given in the next chap',-er. 	 The difficulty with
locking the carrier tracking loops to the correct spectral line has been
discussed and is considered the main problem area encountered in the
system.

5. The satellite local oscillators were found to have a 7. 17 kliz rins variation
over a six week period and they may actually be better than measured.

6. The range measurements were not conclusive in determining the feasibility
of simplifying slave acquisition by range prediction rather than ranging.

7. The crystal oscillator type frequency standards which were used were found
to have excellent stability and are recommended for future systems.	 The
6.4 mhz voltage controlled crystal oscillators which were used have doubtful
reliability; a number of problems with sporadic operation were experiel:ced
during initial system debugging. 	 Provision should also be made for operating
these units and their ovens continuously to improve stability.

8. The type of integrated circuit logic which was used gave excellent performance
and reliability.	 There were no operational failures in any of the circuits.
This logic is recommended for future systems.

a

1	 9-1



CONCLUSIONS

1	 9.	 There were no failures in the 70 mhz or other analog cii ,uits. In addition,
it was found that ao adjustments in timing or gain were necessary during
the test period.

10. Several power supply failures were experienced during the test period.
It is felt that the y were due to inadequate ventilation rather power circuit
reliability.

i
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10. RECOMMENDATIONS

Based on the experience gained with performing these tests, the following
recommendations concerning an operational system and the associated synchro-
nization equipment are made.

1. The doppler compensation used in this system is easily implemented and is
recommended for any system in which the range varies with time. This
would occur with either a moving satellite or with a stationary satellite and
a iuoving; terminal.

2. The idea of a low level raiging signal should be used if it is not passible to
predict range to within a fraction of a burst. A burst type ranging signal is
recommended.

3. The standard parameters listed in Tables 5-4 and 6-2 are recommended as
best for the particular format used in this program.

4. The use of phase modulation and coherent demodulation is recommended.
However, a program to develop an automatic method of locking; the carrier
tracking loop to the correct spectral line is recommended. In addition,
improved phase stability in the carrier loup voltage controlled oscillator
and station local oscillator is necessary. Probably the best thing to try is
to replace the lc tuned oscillator used in the carrier tracking loop by a
voltage controlled crystal oscillator and then obtain the station's receive
local oscillator signal by u ultiplying up from this voltage controlled crystal
oscillator. This would put the local oscillator into the carrier tracking
loop and reduce the tracking range required for the voltage controlled crystal
oscillator.

I
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APPENDIX - USE OF TDMA TO MEASURE SATELLITE RANGE

INTRODUCTION

This appendix discusses the use of a TDMA equipment to measure satellite range.
This technique is of interest because:

1. It measures the accuracy of satellite predictions.

2. It can be used to eliminate the search mode of acquisition if predictions are
good enough.

3. It can be used for navigation.

4. It provides a quaiititative test of the TDMA theory and the various TDMA
servomechanism ioops.

The basic idea is most Simply illustrated by Figure Al for the case of a stationary
satellite. There is no doppler in this case and the transmitting clock and the
receiving clock have the same frequency. The phase relationship between the two 	 A

O	
clocks depends on the satellite range r and the wavelength A corresponding to 2w.
If r = A (n +9) where n is an integer then the two clocks differ by 9 revolutions.

'	 This appendix treats the more complicated case which includes the effects of
satellite inotion, the master frequency servo loop, and various phase shifts in
the system.

The conclusion of the analysis is that the more complicated case behaves
essentially the same as the simple case. Thus a measurement of the relative
phase between the transmitted clock and the received clock either at a master

I	 station or at a slave station which is transmitting in the TDMA mode is in effect
a measurement of range at that instant to many decimal places. This result is
not as obvious as it looks, since the master station servo uses the presently
transmitted signal and a received signal whose doppler is related to the satellite
velocity at some instant in the past.

The measurement of range from a fixed known location can be used to check the
accuracy of predicted satellite orbits or conversely as a means of measuring
satellite position and thus determining the orbit. Assuming that the satellite
.range from the station is known and absolute time is known, the appropriate
phase between the transmitting and received clocks can be determined. Thus a
slave station, once it has acquired the master received signal, can avoid almost
all the search mode presently designed into the TDMA equipment. Alternately,
if the satellite orbit is known IRA the station position is not as might very well be
true for a TDMA station on an airplane, the TDMA equipment can be used as a
radar by measuring the relative phase between the transmit and the receive clocks.
Thus the TDMA is a navigation equipment. Lastly, an analys..i of tl,e relation
between transmit and receive clocks on the master and slave stations in the present
experiment is useful in evaluating the various TDMA servo loops.



APPENDIX

A few words should be said about the ambiguities of this procedure. I3ecaus.; the
basic period of the TDNIA is about 125 microseconds, ranges which differ by an
integer multiple of T which is about 18. 5 km cannot he distinguished. For cases
when the maximum range error is less than 9 km, this is no problem. Otherwise,
techniques which call 	 the range acnbi^,uity will be needed.

This appendix has three sections. The first section treats the idealized case of
Figure Al. The second section analyses the effects of delays and phase shifts in
the electronic equipment. The third section describes the measurements which
need to be made in a practical case to measure satellite range.

SATELLITE RANGE RELATED TO CLOCK PHASE OFFSET

In this section the relation between the relative phase of the transmit and receive
clocks and satellite range is calculated assuming an ideal master frequency loop.

Thehase deviation of the signals at	 II and C from the correct frequencyP 	g 	 A, ^	 1	 Y are
denoted by 9 A , 0 B) 9C , respectively. Notice that if these angles grow linearly

rwith time they will represent a frequency error.

signal at A = SA (t) = sill (wt + 0A M)	 (la)

signal at B = S B(t) = sin (wt + 0 B(t))	 (lb)

signal at C = SC (t) = sin (wt + 9C (0)	 (lc)

The distance froin the satellite to the ground station at time t is denoted by r(t).

Range from satellite to ground at t	 r(t)	 (2a)

C = velocity of light	 (21))

We will assume that r(t) is parabolic. This will than have two non-zero
j	 derivatives of time

r	 r0 + r l t + r2 t2 	(3)

I	 -1	 -5
The peak values of r 0 , r  and r 2 for Relay will be on the order of 10	 10 ,

and 10 -7 , respectively, so that equation 1 will be a good description of the
satellite range for interv, is of time as long as a minute, if the appropriate

'
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values of i 0 , r 1 , r 2' are chosen. For longer intervals, equation 1 will be clearly
inappropriate as the velocities and ranges in equation 1 become infinite with

I
increasing time while both the velocity and the range of Relay are hounded.

(t) = the propagation time from B to C of the signal now arriving

	

at C= r t C 2-
	 (4)

I

The relation for 0 A alone is found by using the servomechanism relationship that

the such of the frequencies at C and A equal 2W.

2wt = wt + 0C (t) + wt + 0 A (t)	 (5a)

I
0A(t) = AC (t)	 (5b)

A (t) + A	 tI
A	 A L 

-2	 (t)	 = 2w 2 (t)	 (6)
_

i	 The quantity we are interested in is the offset between the transmit and receive
j	 clocks which is 0A - 8C . Using equation 5b.

Offset between transmit and receive clocks = 0 A - AC = 2 0 A	(7)

One c:,n i etain terms whose magnitude is greater than 10- 	a power series
expansion for 0 A .	 The result is

Offset between transmit and receive clocks = 2wr(1 - ^—)	 (8)
I2C

Equation 8 is a very interesting result as it says that the offset between the clocks
`	 is determined by the instantaneous range to about 8 decimal places, i, e. , a fraction

of a meter out of 10, 000 km.

EFFECTS OF PHASE SHIFTS AND DELAYS

The previous se , 'ion has considered an idealized case. 	 Next, we consider the
case when there are delays and phase shifts caused by the electronic equipment,
waveguide runs, etc. 	 As a matter of convenience in calculation all delays except
for the free space delay will be replaced by phase shifts. 	 Since all the frequencies
in the system vary over a comparatively small range as a function of the doppler
there is probably little difference between saying a given element causes a phase
shift or a delay.	 In any case, the variation of phase shift with frequency should

A-3
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be examined experimentally. In addition, we will .issuine that the satellite delay
is incorlx,. - ated into the transmitter and receiver dc-lay. This operation is correct

rr DS
to within a small fraction of a meter, i. e. , -- 	 where D S is the satellite delay.

The diagram of the equipment is shown in Figure A2. In this diagram

0 A = transmit clock in equipment	 (9a)

9A * = observed transmit clock
	 (9b)

0C = receive clock in equipment
	 (9c)

9C * = observed receive clock	 (9d)

The angles 0 1 , and p2 are the phase shifts in the transmit and receive equipment

including the satellite equipment delay. The angles 0 3 and p4 are the phase shifts

between the equipment clocks and the observing test points. The master clock
loop is driven by the angle 08 which is the output of a summer. Angles A5' 06'
07 are phase shifts between the summer and the various oscillators caused by

the mixers and associated filters involved with the servo loop. In the following
it is assumed that these angles vary at a rate slow compared to the master
frequency loop response and thus a steady state servo analysis applies.

Using Figure A2

Wt + 0A (t) + 07 + wt + 0 C + 0 6 - (2wt 4 05 ) _ 08	 (10)

0 A ( t ) + 0 C _ 08 - 05 - 0 6 - 07 = 0	 (11)

9C (t) = 9A (t - 2 -^-(t)) - 2w ?► (t)	 (12)

9C (t) = 0 C + 02	 (13a)

9 A(t) = 0 A + 0 1	 (13b)

Combining equations 11, 12, 13

n
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9 A (t) + Q C(t) = 0 A (t) + 0 A (t - 2 Nt)) + 0 1 + 02 - 2w -̂ -(t) _	 (14)

9 A (t) + 0A (t - 27-(t)) = 2w ?(t) + 0 - 0 1 -
 0

2	 (15)

Now calling 0 A (t) and 9 C .r (t) the corresponding phase for the idealized case

with no equipment phase shift one recalla equations 5b, 6

9AT (t) = AC-r ( t )	 (16a)

a A T (t) + @A -r (t - 2 T (t)) = 2w 7` (t)	 (16b)

Using equations 11, 15, 16 one can relate the signal phases with no equipment
phase shift to the signal phases with equipment phase shift

9 A(t) = 9AT (t) +^ -	 1 2 
2	 (17)

Offset between transmit
and receive clocks with	 = 9A ;+.) - 0C(t) 2 9A (t) - 0	 (18)
equipment phase shift

	

9A r (t) - 9C T 
(t) -	 I + 02)

Next one can evaluate	 9A (t) - 9C (t)

Observed offset = 9 A (t) 9C (t)	 0A(t) - 0C(t) + 03 - 04	 (19)

0AT (t) - AC T (t) - (0 1 + 0 2 ) + (03 - 04)

Offset with	 equipment	 differential
no equipment phase -	 delay	 + delay to test (20)

Shift	 points

PRACTICAL PROCEDURES FOR MEASURING RANGE.

There are a number of comments which can be made about measuring satellite
range using; the TDMA clock offset.

0
A-5
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1. One can measure satellitellite r.:nge either by measuring the clock uffset at a
given time or by measuring the time when the offset is zero.	 The latter
measurement requires less accurate timing.

2. One can measure the electronic delay using the satellite simulator and the
station equipment.	 The quantity measured is -(0 - + 02 ) + 03 - 04,	 The

relation between delay and frequency should be examined. 	 If extra cabling
is required to use the satellite simulatoi the delay of this cabling should be
me_,-,ured or estimated and subtracted frov, equipment delay.	 The equip-
ment delay should be measured with the master frequency servo loop
operative and inoperative. 	 Both measurements should give the same result.

3. For the phase detector in ti ,e present experiment one should measure the
time difference and the jitter between actual clock coincidence and that
indicated by the phase detector.

4. This measurement depends heavily on the behavior of the master frequency
servo loop.	 Thus the frequency response of this loop and waveform of the
servo error during a pass and the relation between servo error and doppler
shift should be measured.

Calculation of Wavelength

C

8x 105/secTDMA frame rate = 99

99 x 2. 997925 x 10 5 km/sec

2 x 8 x 105/ sec

=	 18. 54966 kr

r

1+

a.s
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