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ABSTRACT

In a spéce division multip%e.access/séacecraft switched-time
.&ivisiog multiple access (SDMA/S?-TDMA) satellite system, precise
synchronizaci?n between the satellite switching sequence and the earth
.scations is required. Fine synchronization can be achieved by trans-
mitting non-coherent frequency shift keying (FSK) signals. The timing
error between the gatellite and th; earth station time bases is defined
on—béard the satellite by the sync~wifidow modulation of the sync bursts-
(FSK signals). A(mea§ure of the timing error; i.e, the error voltage,
is obtained a;\Ehe receiver and fed to the timing circuits. Deéending
on the value of the error voltage, the timing cirhuits shift the earth
lstation time bage adqor¢inglx’so as to reduce the‘tiping error. This
procédure ts repeated until sfnchroﬂization iijachieved, i.e., the timing
error becdomes zero. } -

Two sources of noise (upl%nk and downlink) are considered in
this synchronization loop. The noise affects the number of iterations
required to ;chieVe synchronization as well as the accpracy of the

synchronization in the steady state. The study is supported by a digi-

tal c0hputer simulation of the envelope-detected signal in the receiver.

114
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h CHAPTER I - .
7 .

- INTRODUCTION

~

Communicatftons via satellites have experienced a rapid growth
over the past ten years and are also expected to continue to grow Eapidly
ip the future. To meet the future needs in high capacity communication kS
satellite systems, new efficient modulation and multiple-access techniques
must be iptroduced {1]. This is all the more so because the presently used /
;pectrum for satellite communications is becoming overcrowded and inadequace.‘
A lot of §7Cd§ has been d;voted to make possible the exbansion of this spec-
trum towards higher frequencies [1],{2). Microwave technology seems to Se
ready to supply the satellite designers with the necessary antennas,.cubes
and‘componenca so that future éatellite systems will make wider use
of frequencies above 10 GHz (3].
ﬂ The use of millimeter wavelengths might also enable the optimum
mulciple—acce?s technique for high-capacity satellite channels to be
developed. Indeed, by using shorter wavelengths, the size of microwave
antennas is reduced and it {s feasible to employ higggy—direccive antennas
péoducing spot-beam zqunes, thereby enabling the realization of a multiple-
access system calle? space-division multiple-access (SDMA) ({4].

In SDMA systems, portiomns of che'spectrum can be reused by the
various spot-beam zones and bandwiéch congervation can be achieved: To

realize the full benefits of frequency reuse, SDMA must be combined with

a multiple-access modulation technique (e.g., time-division, frequency
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division).

If time-division multiple—access (TDMA) is used; the satellite
must be provided with a high-speed microwave switching matrix to rapidly
rearrange the connections among receiving and transmitting beams [i],[S].
This co&bination of space and time division multiple-accesses is cglled
Space Division Multiple Access/Satellite Switched — Time Division
Multiple-Access (SDMA/SS-TDMA).

In SDMA/ésvTDMA a, high~degree of syncnronization between tne satellite
and the earth stations 1s required, so that signals do not overlap at ,the
satellite transponder.

*
In this thesis,a synchronization technique using non-coherent

Frequency—Shift;Keying (FSK), suitable fér use in any SDMA/SS-TDMA system,-

L)

is studied."

1.1 DIFFERENT METHODS OF MULTIPLE-ACCESS

The purpose of multiple-aécess 1s that many user-earth
gtations can access the same satellite transbonder simultanéously without
interfering with each othe:f

.}he efficiency, capacity, and cost of a given satellite network
are directly related to the M/A (multiple-access) scheme being used.” ..
Ihus,éhe‘selection of a MZA technique 1s a syscem —analysis problem and
involves variocus areas of&communicacion technology, operational deoctrines ‘
and systems economics. Fig. 1,1 shows some of the areas which contribute
to the analysis and selection of the multiple~access system [6],

/ -
Multiple-access modulation systems can be divided into the following

broad areas {71,(8]): N
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U Satellite Technolog{

l. e.i.x.p.
y ) 2. Bandwidth T

~
e
~

; * 3. Number of Transponders

.-

Modulation Technology ' Earth Station Technology
1. Modem Performance -\_\\* "’,,—” 1. Cenftral System
2. Coding Performance M/A 2. Terrestrial Interfaces
3. Synchronization L 3. Maintenance
Declsion
Multiple-Access Technology Engineering. Economics
L .
1. FDMA ’ 1. Traffic Requirements
2. TDMA ) 2. Terminal Costs
3. CDMA(SSMA) ] 3. Satellite Launch Costs
4. PAMA " 4. Channel Costs

Fig. 1.1 Multiple-access: system design and considerations

-



1. ?requency Division Multiple Access (FDMA) . -
2. Time Division Multiple Access (TDMA)
3. .Pulse (or Packet)(Address Multiple Access (PAMA)
4. Co&e Division Multiple Access (CDMA)
(a. constant-envelope spread-spgctrum and
b. frequency hopping)
Comparing the above M/A techniques, FDMA and TDMA are found to
be suitable for systems requiring high channel,capacity but having few
fluctuations in traffic, whereas PAMA and CDMA are used in systems with

a large number of users having rapid changes in traffic requirements:

l.l.i Frequency Division Multiple Access

FDMA is a well-known method of separating signals in radiOfcom—\
munications.. It ‘has been used successfully as the only multiple-access
system in the IngLSAT network*. The main advantage of FDMA is that '
héw or complex earth station equipmené are not required. For analog M
message modulation, the existing hardware is adgquate since only FM trans-
mitters and receivers are required.

In FDMA, the satellite transponder bandwidth is éivided into a
number of non-ovérlap?ing freqhency bands which cdonstitute access channels
[8]. Even ghough the assignment of different frequency bands as a means
of separaéing radio-signals is a copventional communications technique,
major problems arise in satellite commdnications. These problems are due

to the nonlinear input-output characteristics of the travelling wave tube

* INTELSAT, the International Telecommunications Satelldite Organization was

formed in 1964 by 14 natiéns. In 1976, INTELSAT consists of 92 member nations.
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amplifier (TWTA) in the safellite)transponder. When several carrier
signals are procéssed simultaneously b? the transponder, they interact
with each other, pr6duc1ng intermodulation noise and crosstalk. More- .
over, 1f theiélinput power levels are not the same, the signal Qith the
;ighest‘power tends to suppress the weaker ongé. Linear applification can
be approximatel& obtained by backing off the input signal level. Also;
chan;elized systems may be used (e.g., SPADE, [9]) with'adequate spacing

so that the intermodulation noise will fall outside the signal band.

In this case, however, much of thé\transponder bandwidth will be wasteé

.

and the capacity of the system reduced.

-

1.1.2 Time Division Multiple Access (TDMA) '

Theoretically, all problemg encountered in FDMA can be eliminated
and a iarger.cap;city can' be obtained if at any instant there is only one
carriérqsignal present at the satellite transponder. This can be ach%eved
by u;ing time divisfon multiple access.

In TDMA,éach cérriey signal .occuples thHe whole transponder
bandwidth for a finite period of time called gime slot. Thus many earth
stations can transmit their signals which arrive at and pass through the
satellite'cransponder in a sequential, non-overlapping mode [10}. Trans-
mission occurs periodically atqé definite rate called "frame repetition

«

rate”. The period of time between two successive transmissions is then
\\ A

called "frame length". For real-time voice transmissions, the frame
length 1is equal to 125'us, corresponding to the Sampliné rate of 8 KHz.

N

For data transmissions, frame length may be longer (up to 750 us) and

a saving in the overall guard time will be obtained. Store-and-forward

i

28
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operations could also be employed. With TDMA, tr@nsmission must be

i
1

of digital form, thus analog messages, such as voice, must be digitized

and transmitted in the form of pulses or bursts.

The major problem with TDMA is to maintain the non-overlapping,
sequenF131 processing of the signals at the transpoﬁder. To ensure that
carrier signals will not overlap at the satellite input, synchronization
between the satellite and the earth statioms mﬁst bg achieved, and guard

times between a&jacent tinfe slots must be introduced.

\

- 1.1.3- Pulse Address Multiple Access (PAMA)’

Pulse (or Packet) Address Multiple Access-is a method in which
pulse patterms are generated in the time-frequency plane and used as
addresses. The frequency spectrum is divided into numbered bands,
and pulses or packets of digits are transmitted in the various bands
at prgassigned kimes.

PAMA 1is suitéble for cbmputer—communication networks employing
satellites [11]. Synchronization is not necessary for PAMA systems but- 
network timing improves fheir performance (e.g., "pure? ALOHA [12] versus

"slotted" ALOHA [13]).

1.1.4 Code Division Multiple Access (CDMA)
In CDMA,the carrier signals are freéuency— or phase-~ modulated
in such a way that their spectra occupy.a.commoq bandwidth.
..It is also possible that these signals overlap in time. Demultiplexing
of the signals at the earth séations is achieved by‘correlation with

some form of prearranged code which was impressed upon them.



Two types of CDMA may be considered [6]:

A. Constant-envelope, spread spectrum

’

In this type of CDMA, each carrier signal occupies the entire
bandwidth of the satellite transponder. The multiple—access modulation
has the form 9f a pseudorandom sequence of binary digits (PN seqyence)
which biphase modulates a constant amplitude carrier. The intended re-
ceiving earth station eﬁploys a copy of this pseudorandom sequence to

separate the desired signai from the other carrier éiénals which were

transmitted by the satellite.

B. Frequency-Hopping CDMA

In Frequency-Hopping CDMA, the multiple-access is accomplished
by frequency hopping a pattern of pulses over the entire bandwidth.

The hopping is contrelled by a pseudorandom PN sequence [6].

CDMA is impervious to jémming signals, since the correlator
\
tends to spread and weaken the jammer. Consequently, CDMA isg well suit- -

able for military applications.

1,1.5 Space Division Multiple Access (SDMA)

The multiple-access systems,discussed above, are based’ on
modulation techniques. Seéaration of the carrier signals at the satellite
can also be accomplisheq on the basis of‘geometry. This method, which
utilizgs the spot-beam zone technology, is called Space Division Multiple
Access (SDMA).

The userf super high uplink and downlink frequencies (milli-

meter wavelengths) reduces the size of the miérqwave antennas, -thus highly-



directive antennas can be employed, producing multiple spot-beam zones
(Fig. 1.2). The use of spot-beam antennas provides two major advantages
1. 1increase in effective igotropic radiated power (e.i.r.p.), and

2. frequency reuse.

' In Fig. 1.3.a the configuration of a conventional multitrans-
ponder satellite system using global-coverage antennas is shown [4].

For N transponders each one having bandwidth B, a total satellite
bandwidth 2NB is required. Fig. 1.3.b shows the utilization of spot-~beam
antennas. The total satellite bandwidth now required is 2B. Thus, with
SDMA an N-fold savihg in spectrum is obtained.

It is possible to combine SDMA with a multiple-access modyla-
tion technique,‘such as FDMA or TDMA, so that a maximum efficiency
and high satellite capacity would be achieved.

\ If FDMA is cowmbined with SDMA; filgers mugt be- used on-board
the gatellité to separate the received signals and recombine them in dif-
ferent arrangements*fo; each t;anséitting beam [2].

If TDMA ig uséd along with éDMA, the satellite must be supplied
with multiple microwave switch matrix (MSM) decks, each connecting a
number of.up—link beams to the corresponding down-link beams in a variety
of configurations [5]. This is the so-called transponder-switched Qethoﬁ.
A second ap%roach to accomplish interconnectivity among the earth stations ’
oflthe same spot-beam zone and/or among earth stations in different spot-
beam zones is to employ a variable patterm, single beam, spdt-beam gcanning

antenna. A buffer memory is also required on-board the satellite to store

the information until the scanning antenna illuminates the appropriate

[l

i
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earth gstation. This approach is called beam-switched method and can
only be used by systems wi;h light traffic [6].

It is strongly believed that SDMA will be used iq the next
generation of INTELSAT satellites.

It is also expected that SDMA will be combined with TDMA (SDMA/SS-
TDMA: Space Division Multiple Access, Satellite-Switched (Transponder-
Switched Method), Time Divgsion Multiple Accass, [14]), so that the desired
increase in satellite capacity may be achieved, without iﬂcreasing the
spacecraft's weight and launching costs.

The SDMA/SS-TDMA system is shown in Fig. 1.4.

1.2 DESCRIPTION OF THE SWITCHING SATELLITE

A satellite operating in an SDMA/SS~TDMA system (Transponder-
Switched method) must be supplied with two major configurations. A micro-
w;ve(swiéching ﬁatrix (MSM) and a distribution control unit (DCU), Memory,
b;ffer/decoder, time base, and Telemetry & Command Units are also req;ired
[14]. An SDMA/SS-TDMA system is shown in Fig. 1.4.

The uplink and downlink beams-are 1nterconnectéd under the DCU's
reprograﬁmable control. At the beginning of each frame length (see Section
1.1.2),a time interval (1-6 us) is reserved for the synchronization signal
(syﬁc burst). During th{s synchronization interval (called sync window), the
MSM connects each spot—bgém zone's uplink to its corresponding downlink.
Thus all sync windows (one sync window for each spot-beam zone) occur
simultaneously: This sync winéow configuration is used when each earth
station obtains synchronization independently of all the others.

If three control stations are used for system synchronization



MEMORY TIME BASE
. )__ BUFFER/DECODER . | T~
DISTRIBUTION CONTROL UNIT

MICROWAVE

TELEMETRY SWITCHING MATRIX | . .

& , ‘
CONTROL o 4 AL JRn |

1 N

Fig. 1.4 SDMA/SS~TDMA satellite communication system
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(see next Section), a modified sync window is required, i.e., during
the synchronization interval all satellite receive;s must be connected
to all satellite transmitters. Sync window 1s a unique and important
SDMA/SS~TDMA feature, qulite necessary for the system synchronization.

A temperature-compensated crystal oscillator provides the
satellite time base. ‘

Telemetry Command is uséd'to monitor the distribution- cgntrol
unit. Telemetry controls the memory performance and ve;ifies the re-
ception of new memory data before it is transferred to-§emory. The Com-
mand section generates control signals for hemory content data cransmission,
new data load, data transfer to memory and direcr switching matrix ground
control.

Detailed descripcigh of an SDMA/SS~TDMA system develop?d by

COMSAT Laboratories 18 given in [14].

1.3 PREVIOUS WORK RELATED TO SYNCHRONIZATION OF A SWITCHING SATELLITE

Y
The use of Time Division Mulciple Access.and the synchronization

_problem associated with such an implementation have beeg studied since

the early days of sacallicé communications [15],[16]),[17],(18].

A particular synchronization technique 1is described in {15]. The szg;llite
or a master station transmits a sync burst (unique word) which defines a
particular pglnt in time, 1:e., the beéinning of the frame period. This
unique word is received by all the stations in the system which place

their transmissions within their assigned time intervals (data windows).

The major source of error in such a system is the error 'in prediﬁted de-
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lay (one way dela; is the time required for a signal to travel to or
from the éatellite to the earth station = 135 ms) which does not exceed)
-+ 100 ns. .
G. Gabbard et al. (1968) designed and tested a burst synchronizer.
Computer-predicted satellite range was used and the comparison of the
master and the local stations' unique words provided a tracking facility

to reduce delay uncertainties [16],[17],(18]. Results of the fileld test

gave burst synchronization accuracies of * .220 ns when the synchronizer
was used with a synchronous satellite with eccentricity 0.0028 (INTELSAT
I) and accuracies of better than ¢+ 2 ug when used with a six-hour medium
‘altitude satellite.

In an SDMA/SS-TDMA syétem.two kinds of synchronization functions
must be considered [19],[20]. First, synch;onizaCion amoné spoc—be;m -

zones, i.e., between the earth stations and the discribution control unit

”

(DCU) which drives the microwave switchipg matrix (MSM) on-board the

sdtellite,and,second, synchronization among the statiomns in the same spot-

beam zone. The first s a unique feature of a SDMA/SS-TDMA system,while

the latter is simply the sxnchronizatidn function used in the conventional

ITDMA systems which essentially utilizes the techniques discussed above.

N
Two methods have been suggested for achieving synchronization

in an SDMA/SS-TDMA system. The first approach (proposed by Shimaski
and Rapuano, COMSAT Laboratories [20]) is to require each earth station

in the system to obtain synchfonization independently of ali‘the others,
(Although, originally it was suggested that one earth station in e;ch

spot-beam zone should a¢t as a reference station te achieve synchronization
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among spet-beam zones, followed by synchronization among the earth statioms
of the same zone [19]). Using the sync window the concépc of a reference
‘station would be eliminated [20].5

In the second method th;ee control stations are employed pre-
ferably located in different spot~beam zones [21]. This method requires
that the sync¢ window on=board the saE%%}ite mus; be modified so all

satellite receivers are interconnected to all satellite transmitters

for ics duratioﬁ.

(a) System with independently svnchronized stations

Synchronization among spot~beam zones and among earth stations
in the same zone can be obtained if each earth station in the system |,
transmits its own signals and thﬁs achieves synchronization independegtly
of all the other stations. < |

The synchroni;ation signals (sync bursts) have two discincfive
features [20]. The first is a different code or different frequency and
it is'used to identify them with the transmitting station. The second
is the time built-in reference which makes possible a timing comparison
(i.e., define a timing error) between the satellite and earth station
time bases.

The synchronization procedure can be div}ded into three modes
of operation: .

(a) the coaése search‘mode (initial synchronization),

(b) fiAe search mode (fine adjustments), and

/
(¢). tracking mode.

-

Coarse search provides the earth station with an estimate of the satellite's



time base, i.e., the sync window's occurrence. Its function is to ensure
that the sync bursts will pass through the sync window, at least partially.
Once this is accomplished, the fine adjustments are initiated./
One-way-trip delay after its transmission, the sync burst reaches
the satellite where it is pulse“time modulated by the sync window. Then,
it is looped back to the same spot~beam zone where it is detected by the
station which originally transmitted it. A measure of the timing error
is now possible at the earth statjon and proper adjustdents are made- to
shift the station's time base and reduce the timing error. When this
process 1s completed, another sync burst (or set of sync bursts) is trans-
mittéd and the procedure is repeated until the timing error is.minimized.
Then the tracking network is activated, to further reduce the timing

/
error eliminating the satellite's motion effects.

In such a ;ystem, where each séation &s requiéed to achieve
synchronization' independently of all the otherS,using the technique des-
cribed above, several problems arise [22]: )

a. If more cﬁan one station of the same spot-beam zone perform
synchronization procedures at the same time, there is a possibility that
their sync bursts have to be processed by the same satellite transponder
simultaneously. Although this is feasible, i.e., operating in an FOM
configuration, intermodulation noise and crosstalk are created, due to
the non-linearity of the TWT amplifier.

b. There exist as many synchronization signals as the earth

stations in the' same spot-beam zone. Thus, a restriction must be made

upon the number of users (stations) in the given zone due to the transponder

]



bandwidth,
c¢. The guard'time between daga wind;ws incréasWé proportiopatel
to the number of earth'stations. o ;////
¢ d. Interference in the data windows i pfodbqed first when a
station initially attempts to obtain synchronfzation (coarse-search mode)
and ;econd when synchronization is lost and’data éursts ;re transmitted
in wrong data windows. This loss oé syngﬁronization cannot be detected

before one round trip time (270 ms) duetto the propagation delay of the

signals. " J '

(b) System using three control stations

It has been shown [21] that synchrogization can be accomplished
when three stations (control stations) are used. Thus, all‘the dis~
advantages (except (d) above) of‘theléystem deécribed previously are
elimin;ted. The tradeoffs are increased complexity in the synchroniza-
tion equipment of the earth stations and a modifieé sync window on-
board the satellite. (

A modified sync window simply provides interconnection of all
the satellite receivers to all satellite transmitters fér the duration

v

of the conventional sync window (i.e., beginning of each frame).

Any earth station in the system ean échieve precise synchroniéﬁ;
) .
tion if two conditions are fulfilled:

. a. The exact range ﬁroQ the earth station to the satellite
(better still the one-way propagation del;y) fstknown.

b. A reference signal passing through the modified sync

window is available.

17
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When.an earth station requires synchronization, three signals
giving the values of the one-way propagation delay between the satellite
and each control station must be received. The propagation delay TD

between the station aﬁout to be synchronized and the satellite is then

calculated [21],[22]. Finally, synchronization is obtained by advancing

the station's time base by an amount equal to twice the propagat%on de-

lay TD relative .to the reference signal.,

.
+

Essentially, boch'of the-techniques described above require
that one station (either individual or control) achievés synchronization.
Thus a synchron£zation‘loop, oper;ting in a feedback control fashion,
must be established. A éonfiguration of a sync loop, propo;ed and designed
by Rapuano and Shimasaki [20], was briefly discussed in Section 1.3(a).-
A détailed study of such an implementation was carried out by Carter {22]:
A new method for initial synchronization (coarse search) using
coded search signals was introduced [23]. 'The'bebavior of the synchroniza-
tion loop iq the fine search mode emplpying.cothent PSK and coherent FSK
sync bursts was explored using the cohcept of error detectién characteristics
IZA]. ﬁhen the fine synchronization is compieted,a tracking network can
be matched to the timing circuits to eliminate timing errors caused by
satellite motion [25]. A laboratory model was designed and constructed

and experimental results were found to agree with the theoretical pre-

AN

dictions (26]. 1\ . .



CHAPTER 2 P

SYNCHRONIZATIONELOOP FOR FINE ADJUSTMENTS USING NON-COHERENT

_FREQUENCY SHIFT KEYING (NCFSK)

An earth station-satellite-earth station loop, suitable for
fine synchronization in a SDMA/SS-TDMA system, must include:
(a) sync burst égnerator and transmitter at the earth station,
(b) a sync window connection on-board the satellite, |
N (c) demodulator and detector at the earth station, and
‘ (d) timing circuits to perform the proper adjusﬁments to redgcé

the timing-error between the earth station and satellite time bases.

2.1 FREQUENCY SHIFT KEYING (FSK) IMPLEMENTATION

Many types of signals suitable for fine synchronization have
>

been suggested [27]. Aﬁongst them, phase shift keying (PSK)\and frequency
shift keying (FSK) signals are suitable for use as sync bursts: they
are easy to generate and détect, and the transition between the two phase
shifts or carrier frequencies constitutes an excellent time built-in
reference. Moreover, thg use of FSK pulses (instead of PSK).eliminates
the;problem of sync resolution due to carrier and bit reco;éry time.
It also provides a possible freéuency division multiélexing (FDM) of the
sync bursts which originated from different stations at the same spot~-
béam zone, thus sharing the same sync window (see Section 1.3a). This
can be accomplished by assigning a different pair.of intermediate frequencies

(consequently different RFs as well) to each station in the zomne {19].

19
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According to the detection schemes being used, two possibie
FSK implementations exist: noncoherent and coherent FSK. In a non-
-coherent de:ectiop, a pair_bf bandpass filters are used separately tuned
to the two carrier frequendies. ‘The filter outputs are envelope-detected
and fed to a decision .device. For a coherent (or §ynchronous) detection
of an FSK signal, the 1-~f phase of each po;sible received signal must
be precisely known. In every satellite system, frequency conversi?n
(uplink to downlink) occurs-on—boaré the satellite, where a possibly un-
reliable oscillator is being used. Moreover, transmission Eakes place
over largé distanées and through fading media. Thus, phase coherence is

difficult to maintain. Consequently, noncoherent detection is ad-

vantageous.

2.2 MODEL OF THE SYNCHRONIZATION LOOP

The complete éynchronization loop is shown in Fig. 2.1. The

FSK sync bursts, generated at the sync burst generator, consist of two
parts corresponding to the two intermediate frequencies. A-sync burst
is generated at the beginning of each frame, ic§ exact occurrence being
controlled by the timing circuits to agree with the earth station time
base. Then the sync burst is mixed with the upli;k frequency, amplified
at the output (uplink) amplifier and transmitted towards the satellite.
The uplink path is assumed to produce only space delay-(time‘delay)

and space attenuation. On-board the satellite the signal is perturbed

by the uplink noise at the satellite's input amplifier, and its carrier

frequency is converted to the appropriate downlink. Then, it is time- -
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éulse modulated by the sync window. Sync window modulation defines the
timing error between the earth station and satellite time bases. The
sync window modulated signal is.amplified at the downlink amplifier and
transmitted. Again the downlink path is assumed ;; produce only space
delay and space attenuation. The signal received by the earth.is per-
turﬂgﬁ by the downlink noisej amplified and demoduiated. The IF sig-
nai is then processed at the receilver to yield the error voltage which
is a measure of the timing error. This error voltage 1s used by the
inming circuits to adjust the earth station's time base and reduce the
timing error.

For a beﬁter system performance, iggcead of one sync burst,
a train of L sync bursts may be used, having a repetition intervalA
equal to the frame length (i.e., one’sync burst at the beginning of
each frame). The L noisy sync bursts are averaged in the’video

integrator (see Section 3.5, equation 3.29).

2.3 THE RECEIVER

The receiver portion of the earth station sync unit consists
of

(a) the input gate \ _ \

(b) the noncoherent—dgal filter FSK detector, and

(¢) the video integrator (Fig. 2.2).

The input gate provides a train of pulses, being generated in
the timiné circuits and having a repetition #nterval equal to the frame
length. 'The function.of the input gate is to pass all of the'sync window

modulated signal and reject the noise, so that unnecessary processing
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of noise (mostly downlink noise) is avoided. ~A way to define the
input gate is to utiiize the timing information obtained by previous
received signals starting with the coarse search mode.’ Thus  the input
gate can gene%ate one-way trip delay -after the sync window occurrence
has been established. Another technique is to ignore this timing in-
formation and generate the input gate a round—tpip delay after the
sy&c burst transmiésion. In this way, a larger input gate width is

.
required to ensure that no useful signal will be rejected. In practice,

the first technique‘is preferred since it provides minimum processing
of noise. g :

fhe noncoherent FSK detecter consists of a pair of bandpass
filter—enQelope detéctor branches and a summer [28].

The bandpass filters are tuned té the FSK intermediate fre-
quencies. A nonlinear d%vice (e.g., diode-resistor) followed by a low-
pass filter can be used as envelope detector. The summer constitutes
the binary-decision device where the two envelopes (signal plus noise
envelope and envelope of‘noise) are subtracted. The video integrator
is an imporCant element of the synchronization loop. It eliminates the
" time dependence of the envelope pulses which were obtained from the

detector and yields a voltage (called error voltage) which is related

to the timing error.

2.4 TIMING ADJUSTMENTS

Every time a sync burst, or rather a train of sync bursts, makes
a complete round trip and reaches the earth station it is bearing a new

timing information, i.e., the timing error. As a measure of this td@&ng



error, an error voltage can be provided by the receiver. It 1s the
function of the timing circuits to utilize this error voltage and shift
the earth station time base to reduce the timing error. The timing

circuits are shown in Fig. 2.3. \

25

After the video integrator processes L pulses, the error voltage,

obtained at its output, is fed to the control terminal of the VCO (Voltage

Controlled Oscillator) through the timing adjustment gate, for a dura-
tion TG [24). During this period, the frequency of the VCO changes by

an amount proportional to the error voltage: If the error voltage is
négative the output frg;uency of the VCO'is less than its free running
frequency and the counter reaches full count later than normal. Since
the counter and the decoder trigger the sync burst generator,the sync
bursts will be also generated later than normal and for an amount of
time proportional to thé error voltage. On the octher hand, if the error
voltage is positive, the syné bursts will be generated earlier than nor-
mal. The mode control logic provides the sync unit with the number of
syne bursts to be transmitted, the input gate,and the timing qﬁjustment
gate. After the timing adjustment gate is over, the VCO(returns“to its

normal stable frequency (free running frequency) and the shifted sync

burst train is transmitted.

!
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CHAPTER 3

ANALYSIS OF THE SYNCHRONIZATION LOOP

A detailed analysis of the synchronization loop (Fig. 2.1)
i1s now,presented. For tﬁe signal processing analysis, the complex nota-
tion for band~-limited signals i{s used. All operations (signal genera-
tion, modulation-demodulation, amplification, filtering, etc.) are
assumed to be ideal. The space delays, space losses (attenuation) and

antenna gains are treated as lumped elements.

3.1 THE TRANSMITTED SIGNAL .

The FSK sync burst is represented by the video signals ul(t)
and uz(c) and by the intermediate frequencies IFL%JZW and wB/Zn. The Inter~-
mediate frequencies usually differ from each other by an amount of
15-25 MH=z. . :

For one sync burst the signal is given by:  (assuming narrow-

band representation) [29]), [22]. 2 .
ijt juBc
s . (t) = Re{u, (t)re © + u,(t)-e } (3.1)
1 L 2
where
T
‘ A - —% <t <0
ul(C) =
elsewhere
T
A 0 <t < —%
u,(t) = *
0 elsewhere

27



TP: pulse duration (SLlO usecs) ‘ ‘<%

A pulse amplitude

iwA-waIZH : 15-25 MHz -
The sync burst signal {s mixed in the modulator with a local

1

I *

oscillator at the uplink frequency w, yielding:

J(wA*'wl) t J(w

ml)t
sz(c) = Re{ul(c)e + uz(c)e

A } (3.2).

The uplink frequencies are now located in the vicinity of 6 GHz.

Future satellite syscemé will use higher frequencies ([1},[2], {3}, with
uplink frequencies of 14 and 30 GHz. The corresponding downlink fre-
quencies are 4,12, and 20 GHz.

In the next stage the signal is amplified by K, at the output

1
amplifier and transmitted.

The uplink 1s assumed to produce only a time delay (spacs de-
lay) TD ?hpproximacely 135 usecs) and space atcenuation. The uplink gain cons-
tant Kz represents rhe earch station antenna gain, the space attenuation
and the satellite antenna gain.

Thus,

SB(C) = Kl-K2°52(c—TD) (3.3)

J(w\+wl)(t-TD) j(wB+wl)(C-TD)

g - ) ]
= K -Rz Re{ul(t TD)e + uz(t TD)e }

1

The signal 83(c) is perturbed.by the additive uplink noise nl(t) referred .
o :

to the input amplifier.
Assuming narrow-band noise [29]’

5,(8) = s,(6) + n () (3.4)

-



where
o

Jlw, tw ) j(wB+wl)t‘

1 . A 1 "
ql(t) Re{zl(t) e + zl e }

and ’ ) ‘

z;(€) = x/(€) + -y ()
zI(t) = x;(C) + j-yz(c)

The signal is amplified by K, at the input amplifier and then

3 1
converted to-the downlink frequency u?{ yielding
3w Huw,) (=T Q) Jagruy) (e=Tp)
m K . { «K o - ¢ - i 1
ss(c) k3 Fkl kz Re{ul(c TD)e + uz(c TD)e )
J(ofw ) - j(wtw,) N
+ Retzi(t)e A2 S+ zI(t)e B2 1 (3.5)

3.2 MODULATION uF THE TRANSMITTED'élcﬁkL BY THE SYNC WINDOW ON-BOARD THE
SATELLITE ( '
The signal ss(c) is pulse-time modulated by the sync window
signal m(t).
As far as synéhronigation i{s concerned,; svnc window modulation
is the most meorfant operation on-board the satellirte. Egkencially,
it {s a comparison between the earth station and satellite time bases.
The time difference is detected ané a timing error is defined which is simply
the time difference between the cen;er of the sync window and the time
built-in reference (frequency t%ansition) of the sync burst. The concept

of the timing error provides the analytical expression for the sync win-

dow even if 1rs exact occurrence is not known at the earth station.



-~ . ’

if the synchronization fis éxact (zero timing error) the sync
burst is centered in the sync window and the sync window modulated
signal is symmetric. On the other hand,if the sync window modulated
signél is not ;ymmetric, its asymmetry is detected by the receiver to
yield a measure of the error volrage (see Section 3.5). (It should be
recalled that this is the fine search mode of operation and it is assumed
that the sync burst passes through the sync window at least partially.)

Signai ss(c). after being pulse-time modulated by the sync

window signal m(t), is amplified at the output amplifier by K Simi-

4"
larly the downlink is assuwmed to produce only space delay TD and space

attenuation. The downlink constant KS represents the satellite antenna

. galn, space attenuation, and earth station antenna gain.

Thus the signal in the input amplifier is

sb(c) = KQ-K 'SS(C-TD):m(C—TD)

S
+ <2 + -2
4 K.-K K. (K. -K.*Re{u, (¢-2T )-ej gty (e02) u.(t-2T )-ejuB A TD)}
374 5L 2 1 D 2 D
J(w\+w2)(t’TD)" Flugtw,) (£-Tp)
! ’ - . £ 1] - R - . -
T Relzl(c TD) e + zl(t TD) e }lem(t TD) ' (3.6)
where
1 2T -t~ 3T, © « 2T -¢_+ oF
J D E 2W- -""DTE 2W
m(C-TD) = (3.7)
.0 elsewhere
T .: window duration (l-6 usecs)

t.: timing error (?igs. 3.1,3.2)

-~
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<, . .

The signal 56(t) is ﬁerCurbed by the additive downlink noise

nz(t) referred to the input earth station amplifier:
)

57(t) = 36(t) + nz(t)

>
where

jlw,tw,)t g (wytw, ) t

ny(6) = Re(z)(t):e & +a(e)ee BT

and

z,(t) = kéGt) + 3y, (0)

zo(t) = x)(t) + j-y'(t) (narrow-band representation)
2 2 2

\

The narrow=-pand reﬁresentation of the uplink and downlink
noise 1s valid since the signal is filtered in the sync unit of the

earth station.

3.3 THE RECEIVED SIGNAL AND ITS PROCESSING

-

The signal S5 (t) is amplifieq,ac the input amplifier by K6

and demodulated to yield the IF signal Sg (t):

ij(t—ZT ) ij(t—ZTD)
ss(t) = K3 K4 KS K6 [Kl 2 Re{ul(t—ZTD)-e + uz(c—zrD)-e }
jw, (=T )‘ Ju_(e-T.) .
+ Re{zi(t—TD)-e A ? + z{(t—TD)-e B D }]‘m(t—TD)
- ’ ijt: ijt ,
+ K6~Re{zé(t)-e + zg(p)-e -} ' ) (3.8)

The receiver portion of the earth station sync unit (described

in Section 2.3) consists.of

(a) the input gate,



(b) the‘dual filterbéne output, incoherent detector and

(c) the video integrator.

32

The input gate provides a train of pulses having a repetition

interval equal to the frame length. The pulses are generated in the

timing circuits by previously received signals starting with the coarse

mode.
©

The function of the input gate is to pass all of the sync window

modulated signal and therefore all the sync window m?dulated uplink noise

but only the gate width of the downlink.

For one pulse, the fnput gate signal q(t) is given by:

r'—‘
K l .
1 ZTD—CE - ETQ <t s 2TD tE
q(t) =
0 elsewhere. s
| —
‘where . TQ > Tw

Thus, the signal g (t) prior to detection is
. 9 :

+

: sb(t) = ss(t)'Q(t)

The incoherent detector (Fig. 2.2) consists of two band-pass

(3.9)

filters tuned to Wy and w_,, each one being followed by an envelope de-

B

tector. The two dgtécted signals (signal plus noise and noise alone)

are subtracted and their difference is fed to the video integrator to

vyield the error voltage.

The analytical expression of each signal is now derived in

detail.
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- )

Signal [élo(c)]A at the output of the ideal bandpass filter

tuned at wA is giveq by:

Ju, (£-2T))
[510(0) 1, = (8) [Ky*K, K oK o [K K, Re{u, (£-2T ) e }
r ij(t-TD) : Jw,t
+ Re{zl(t—?D)-e ‘}]-m(t—TD) + K6°Re{22(t)-e }] (3.10)
Likewise N
' oy, 39BCETZTY)
[s19() 15 = a(E)+ [Ky+K, +Ko+K - [K K, Re{u, (£2T ) -e }
ij(c-rD)‘ Jugt
+ Re{zg(t-TD)'e }]'m(t—TD) + K6-Re{z§(t)-e 1] (3.11)

Signals [ﬁﬂ(t)]A’ [le(t)]B can be written in a more explicit and con-

venient form? .

) ij(EJQTD)
[slo(p)]A = q(t)°Re{vA(t)-e ) } (3.12)
where
Jw, T 2jw. T
= . - «2! - ‘e AD et . AD
vA(t) [Cl ul(t 2TD) + C2 zl(c TD) e ]+ K6 zz(c) e

%

and
; T

C, = K,*K_+K_-K, +K_-K -

1 1 727374 7576

Cy = KyrK,KgoK

- Assuming stationary noise, phase and time delays can be eliminated

and the noise signals may be written as

jw, T
“z*(t—T')'eJ AD z () = x](t) + joyl(e)
157 %p 1 1 1
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. M T
ZJwA D

z,(t) e = z,(1) = x(t) + §-y,(t)

The complex signal (pre—envelopé) VA(t) may also be expressed

as:

’vA(t)'= aA(t) + J-BA(t) (3.13)

where

.QA(C) = Cl'm(t-TD)'ul(t—ZTD) + C2-m(t—TD)°xi(t) + Kﬁ-xé(t)

BA(t) = Cz'yi(t)°m(t-TD{ + K6-y£(t)

Similarly the signal [slo(t)]B is given by:

ij(t—ZTD)
[slo(t)JB = q(t)-Ré{vB(t)-e } (3.14)

where
vo(6) = o (t) + 3800

and

-

'“B(t) = € m(e=Tp) u, (=21 ) + C,rm(e=T ) -x](t) + K- x(c)

3,(t) = C,r ¥y () m(e-Tp) + Ry (6)

The bandpass signals [Slo(t)}A de [slo(t)]B are now processed by the

envelope detectors to yield [Sll(t)]A and [sll(t)]B [30].

(o0, = @k +82@® - (3.19)

The sum of the squares: ai(t) + BZ(C) is given by:
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2 2 2
a, () +8,(e) = (C rm(t-Tp)-u, (c-2Tp) ]

b (e,ae-1) 1220 + v @] + ki) + vyt @)

.+ ch-Cz[m(t-TD)]2~ul(t-2TD)-xi(c) + 2K6'Cl-m(c-TD)-ul(t-ZTD)'xé(c)
+ 2K6'C2‘m(t—TD)'xi(t)°xé(t) + 2K6-c2zm(c-TD)-yi(t)-yé(t) (3.16)
or
az(t) + Bz(t) = {C, m(t-T )+u, (£-2T )]2 + [C, m(t-T )-z'(t:)]2 + [K -z"(r.)]2
A A 1 D 1 D 2 D 1 6 "1
+ 2Cl-m(t—TD)-ul(t—2TD) [Cz-m(t—TD)-xi(c) +_K6'x2(t)]
+ 2K6~cz-m(t—TD)-[xi(t)'xé(t) + yi(t)-yé(c)]

Likewise,

[sn(t)]B = q(t)'ﬁgé(t) + Béct) (3.17)
where

ag(t) + s§<c) < [cl-m(c—TD)-uzgc—zTD)]2 + [c2~m§c-rD)-z;(t)12 + [K6°zg(t)]2

+ 2Cl°m(t—TD)-u2(t~2TD)[Cz-m(t—TD)‘xI(t) + K6‘x;(t)]

+ 2K6-C2~m(t-TD)[xI(C)°xg(t) + y;(t)-YQQC)]

The signals [sll(t:)]A and (sll(t)]B are subtracted to yigld slz(t),

51,(t) = ) L(}cl'm<c-TD)-ul<c~zrD>12 + lcym(e-) 2] (01 + [Kgrzp(e)]*

+ ZCL.m(t-TD).ul(t-zTD)[CZ.m(t‘TD)‘xi(t) + Ké'xé(t)]
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+ zxs'cz-m<c-rb)[xi(c)fxé(c) + yiiti'yé(c)]},

- /{tcl°m(c—TD)'u2(t—2TD)]2 + [C2~q(t—TD)-z;(c)]? + [Ké-zg(t)]2

+ ZCl-m(t-TD)-uz(t-ZTD)[Cz-m(t—TD)'x;(t) + K6'X;(t)1

+ 2K6~Cz~m(c—TD)[xg(c)‘xg(t) +_y;(t)'yg(t)]}] (3.18)

3.4 CHARACTERIZATION OF THE PROCESSED SIGNAL PRIOR TO INTEGRATION

Equation (3.18) is the general anmalytical expression for the
signal slz(t) at the output of the summer and prior to integration. Before
the mathematical manipulations of the integration are carried out, it is

necessary to characterize the signal slz(c). The following characteriza-

tion will.also be very useful for the computer simulation (Chapter 5)

Two cases are considered:

I. 2'1‘w N TP and 11.- Tw <,TP < 2T

W

[Note: A third case, TP < Tw is not considered here, sin¢ce it gives no

timing information for timing errors (21]:
' 1
legl < 3(TTp)

<
L. ZTJ TP

Depending on the timing error between the sync burst and the

sync'window (Figs.'3.la and 3.1b), Slz(t) can be

1. For

1 1. : )
- 2(TP + Tw) < tE < 2(TP Tw) (Fig. 3.la)
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a. For S~
\ ZTD - tE - %TQ <t < ZTD - tE - %Tw
ul(t~2iD) = 0 (sée equation (3.1))
uz(t-ZTD) = (see equation (3.1))
m(t-TD) =0 (see equation (3.}))
q(t) =1 (see equation (3.9))
thus,
31560 = Kgr/aile) - ko /apie)
= k(20| - [z (3.19a)
b. For
2Ty - g - 9T, < €< 2T %mp
ul(t~2TD)‘= 0] . (see equation (3.1))
Qz(c'—zch) = A (see equation (3.1))
m(t—TD) =1 (see équacién (3.7))
q(t) = 1 (see equation (3.9)) -
thus,, |

(t) + 2K - C (c) x'(t) + 2K

slz(t) = /{éz (t) + K 6

s 7} 530)

6 2

AR 2 2
{C ‘A" + c2 1 (c) + K

EZ"Z(t) +2C) Gy alxy(c) + x;<5>] * 2KgeCy [x)(6) x5(€) + yy(e) Y} (t)]}
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= |C, 2 (t) + K zé(t)! I[C A+ Corxi(0) + Keexi(e) + 3(C, Y+ K y"(u))} (3.19b)

21 6

¢c. For
1 ' 1
ZTD + Z?P <t < ZTD tE + sz
ul(t—2TD) = (
ul<t—2TD) = 0

m(t-TD) = 1

q(t) =1
thus,

) = Achzi? () + ki) + 2K G () + y{ (07 (0)

- /{éz‘ziz(t) + Kz-zgz(c) + 2K

) $C, (xY(E) - x () + ¥y (e) ~yp(e)) )

6

= lcz'zi(t) + K

6'25_(”' - fe, el (0 + K, r25(0)} (3.19¢)

.d. For
2T -t .+ =T .< t < 2T -t +'1;T
D E 2°W : D E 2°Q
m(t—TD) =
ul(t—ZTD) = 0
uz(t—ZTD) =0 . .
q(t) =1
thus,

51200 = Kl zy(0)] - [z3(a]) (199
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e. For
. 1 1
— - = 2 - fnsly 4}
£t < 2TD :E 2TQ and £t > ._TD CE + 2’1
q(t) =0
thus,
Slz(c) =0 (3.19e)
In the same way SLZ(C) is characterized as follows.
2. For
ity <l <=2 (Fig. 3.15)
2P W E 2°W
r_ » \i - 1] > - - _1:_\ < o] - — _1:_
}\6( zz(r_) zz(t) ) "Ti) tE 21Q t < -TD CE ZTW
! - <A+ o™ + o 1! + S(C ey" +K . 1] |
'[Cz'zl(t)l 1(cl AC, XY (O)FK e xD(8)) + 5(C, ey (0 +K - yi(e)) ]
- : . 1 1
s - T - - 2T - L 3.20)
1208 79 My — kg Tyt 2y - e H ST ¢
1 1
, [} . " 2 - 4+ =7 < 2 - it
K, zy(0f = T30 Ty =g Ty v 2Ty - g T
\_p © elsewhere
3. For
D 1 . 1 .
- sz < te < 2’1‘w (Fig. 3.1l¢)
(" , Y _ L L
| Ks(lzz(t)] ]zz(c)]) 2T - 2TQ< € <2l -t = 5Ty
“ A+ ‘.t K ex! + ! '+r ol _ L fo gt
[(Cl A+Cymxg (£)FK -x ] (6)) + J(Cymy (D), yz(t)l [C2 2| () +K zz(t)!
) .
2T - t_ - <T < t < 2T
4’
slr)(t)”J D~ E 2W D
bd . 1 4 . 1 - . _+_ -.ll Id . " : - " 4 - n
]c2 z) (0) K zz(t)l 1<cl AFC - X (£) +K XD (€D 45 () ¥y (©) +Ky y5(e))]
. _ L
. ZTD <t < ZTD tE + ZTw
1 1
1 - " —_ N - -
K6([zz(t)| lzz(c)]) 2Ty = oy + 5T < < 2T - e+ 5T,
0 elsewhere )

—



4. For -
}-T <t < L('1‘ =T ) (Fig. 3.1d)
2°W E - 2P W 5 -
1 _ 1" - — l - - l
K6(]z2(t)[ [zz(t)l) 2Ty = tp = 5Ty < € < 2T ,CE 5Ty
. e ! o It vt ! - ) .« oM f
. () =0 [ (€ ) x () xp(e)) + 3(Cyry  (O¥Kgeyp (1)) ] = [Cpr 2y () +Ker 2 (0) |
- - - gy 3.22
ZTD e —2-’1‘w <t < 2TD to + sz ( )
ol AT _ 1 - L
Ke(lz(0)] = [20(e]) 2Ty - e g, <€ < 2T - e+ ST
k_O elsewhere
5. For
Lo ary < e < Hoo4m (Fig. 3.le)
2V Py E 2P W g 2 »
(— 1 . 1| - - i < < - - .]_‘.
6( zz(t) zz(t) ) ZTD tE 2'1‘Q t ZTD tE sz
o ! R P - ezt .o lt
lc2 2] (04K zz(t)[ lc2 2} (£) +K, zz(c)i
- l 2 - L
S (t)= ¢ 2Ty =ty " Ty < e 2Ty = 5T (3.23)
12 ' [ ) : ] [] | " - "
. » . . = - - . .
[ (Cpratey x] ()4 x)(e)) + 5(C ey (B)FK yh(0)) | = | Cprzy(e) ¥k zli(e)]
1
- - 2 - -
2Ty ;.TD N N L
- 1
1 - 1" - A < _ T
Ko (zy(0)] = [250]) 2T, -t + 3T, < £« 2T - e i
L.O elsewhere
IL. T, < T, < 2T, .
1. For .
Tl -4
- 24( . Tw) <ty < 5T (Fig. 3.2a)

N\
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1 - n - - ‘_L. < - - l
r~K6(}zz(t)l ENOP 2T -t - QT <t 2T -k - oT
epty U - . . W .t : Y T
fcz zl(t)+K6 zz(c)I [(cl A+C, xl(c)+K6 xz(t)) + J(C2 yl(t)+K6 yz(t)ﬂ
1 : L
2T, - g LT 2T+ ST,
3 ! PR | « oyt - .M !t .
5, ()= ¢ 1€y 2 () 4K, zz(c)] ]c2 2 (£)+K, zz(c)[ (3.24)
1 1
ZTD + ETP < £ < 2TD tE + 2Tw
L} - rn ' - l - l
Ké(lzz(C)] Izz(c)l 2Ty -t + 5T, <t < 2Ty - e + ETQ
.. 0 elsewhere
2. For
1 1 .
- ETW < tg < 2(TP-Tw) (Fig. 3.2b)
(K (22| - |20 ]) 2T -t - 3T < ¢ < 2T -t - a7
6“2 2 D E 29Q D E 2w
4
. o! R eyl et - « ! .yt
l(cl AHC, - () 4K -xD () + i, yp (O)+K, yz(c)), ch zl(c)+K6 z5(t)
2T -t - lT <t < 2T:
D E 2W “'p
- t . 1 - - ot 7 e L1 . te e t
]c2 zl(c)+K6 zz(c)] z(cl A+C, xl(t)+k6 xp(e)) + i, yl(t)+k6 ¥ ()
1
. = .2
3,00 < 2Ty <t o< 2T+ 5T, (3.25)
P | [ | - o« 1 S eyt
fcz 2] (£) 4K, zz(t)[ lc2 27(0) + Koz (t)
L 3 L
2T + 3Tp < £ < ATy - o ST
1 1
L] - " o] - N -
K6(;zz(c)l ]zz(t)]) 2Ty - e+ 2Ty > £ < 2T tg + ETQ
\&0 elsewhere
3. For

1 _ 1 _ i -
- E{TP Tw) < tE < E(TP Tw) (Fig. 3.2¢)
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f-. 1 - " - - ;I'_ < - - -'-L-
K6(Jzz(t)1 lzz(t)l) 2T, tg 2TQ <t o< 2Ty te = 5T,
. i . ' * ' + . ' . ' - ! - " . "
)(cl AHC, X1 (£) K - x) (€)) ‘j(CZ yl(c)ﬁ(b yz(t))l ey 2] (0K, zz(t)[
- — l < 2 ‘
2Ty =t — T, < £ v 2Ty (3.26)
= U B4 | - . o ! ol . ult .l !
Slz(t) J '( C2 zl(t)+K6 zz(t)l I(Cl A+C2 xl(t)+i<6 xz(t)) + .1((32 yl(t)+K6 yzft)),
i 1
2y < © <2y e 4T
K (Jz2(0] = 270 ]) 73 SRR D I
6 “2 2 D E 2w ) E 2°0Q
0 elsewhere
—
4. For
Loty <ol < ip) (Fig. 3.2d)
2VIPT Y E ~ 2°W -
(K (22| = 12"(]) 2T =t~ ST < £« 27 - ¢ - ip
6 !1%2 2 =D E 20 D E "2W
| ol oot - .« !l v, Nt
I NOL zz(t)] [c2 2 (E)+K zz(t)[
2T -t - 3T ¢ oo 2T - i (3.27)
D E 2w D 2P :
. . 1 . 1] . ] - 1 - . " . 1] N
(¢, AFC e x] ()4 (0) + (C, yi(e) e -yicol - ¢, z2)(£) K 25 (e)]
- Lo,
Slz(t) . ZTD ZTP t &TD
lCz-zi(c)-H(o-zz'(t)[ - l(Cl-A+c2-xI(c)+K6‘x'2'(c)) +&j(C2-y'l'(t)+K6°y'~;(C))f
1
« 2 - =
2TD <t TD CE + 2Tw
' 1 - "n ) - i « < - 4 l
Ko (1230 ] |25 ) 2Ty - b ST, < ¢ 20 - e * 3,
L Q elseuhere )
S Far
L e < Xrry (Fig. 3.2e)
2w E - 2V'P W & J.2

) 4

-
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«

1 1
] ' - I " - - « < - P—
r- Ké(fzz(t). ,zz(t)J) ZTD te ZTQ t ZTD te 2Tw
o' I oan! . .t T !
[c2 zl(t)+k6 zz(c)} Ich zl(t)+K6 2} ()]
el o ap UL )
Ty~ tp ~ ATy T 2T - 3T, (3.28)
51,(t)-4 )
- L] - ’ - ' . ' L] ' — L] r' Ll "
I(Cl A+C2 xl(c)+K6 xz(t)) + J(C2 yl(t)+!(6 yz(t))| (CZ zl(c)+K6 zz(c)I
L - L
ZTD - ZTP <t < 2TD CE + 2Tw
1] - " - l « - _l_.-
Kb(fzz(t)f [zz(t)l) 2T, tg 5T, <t 2T, e * 2TQ
_ © . elsewhere /

(Note: Alﬁ/g;e above analysils were referred to ane sync burst.)

3.5 POST DETECTION INTEGRATION

When synchronization {s not exact, signal SlZ(C) is not syvmmetric,
l1.e., the time duration of its positive portion is not equal to the dura-
tion of its negative one. By video integration, the time dependence ts
eliminated and this asymmetry is converted to a voltage (i.e., error voltage)
which clearly is a function of the timing error. Integration i{s an im~
portant operation in the receiver since it recovers the Synchronizgtion
information, {,e., the timing error. Also by integrating the L pulses
of the detected signal, random noise effects are reduced and a better

system performance(is obtained. The error voltage at the output of the

integrator is given by
L 4

'H

f $1,(0) -dt (3.29)
I L pulses

-
tm
=]

TI = integrator time consgtant

L = number of pulses to be processed.



[Note:

in the next chapter, slz(t) will be considered to consist of
L pulses identically modulated by the sync¢ window on-board the

satellite.] * J
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‘Fig. 3.1.a Sync windowsmodulation on-board the satellite
and detection at the earth station,
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TD—CE—%TW TD-CE#{I‘w m(t)
. (sync window)
- : ] et
]
! {
| |
‘ el
[ |
l' {
4T, 17 ‘ T M, s (t)
| ‘ (sync burst)
watey vt
, .t
f r ' -
N { :
! ! T, downlink delay
| '
{ 1
s | |
ZTD-tE-%Tw ZTD~tE+*§Tw
‘ 1 .
oy sa(t)
—
| )
)
| |
{ |
|
' [
! o
' ! 81,8
S
ZTD-cE—%TQ CJA o 2TD--cE+4§TQ

Fig. 3.l1.b Sync window modulation on-board the satellite
and detection at the earth station.

. e - =1
F case 1. Reg. D: %(’1‘P Tw)<cE< 1Tw )
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T -t 4T, Ty=t T, : act)
[ ( sync window)
T : t —
t
| G 1
, ! ]
' : ]
Tp~4Tp : ] TD“’TP s.(t)
W +w ‘w . (syntc burst)
A 2 B 2 I
i | —
T
’ |
! ! )
| ¢ ! TD' downlink delay
Co |
ZTD-;E-&TW ZTD-CE#“‘TWJ
y - SS(C)
“A [“B .
!
! v
L
|
| I I
1 &
: C,A bos, ()
o1 . 1 |4 42
. D-CE-!{IQ ZTD-CE‘*;‘ETQ

Fig. 3.1.¢ Sync window modulation on~-board the satellite
and detection at the earth station.

. 1 P
{ case I. Reg. C: ﬁTw tE<1§Tw )
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s
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—— t -
i |
l !
i 1
I
! !
. C’A sxz(t)
ZTD—tE-—!ﬂ‘Q —a | L Z?D—tEﬂTQ

Fig. 3.1.d Sync window modulation on-board the satellite
and detection at the earth station.

. 1 -
( case I. Reg. B: %Tw<tE<5(TP Tw) )
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e —l A —-—
TD tE 4’1‘w TD cEv{rw m(t)
(sync window)
4 ] ‘ —_—t
| t
!‘_I E :
i |
) . , .
I
Tp~lp T Tp+eTy s (t)
' (sync”burst)
wA+w2 mB+w2
1 — t
I
|
|
! r TD downlink delay
|
. ! '
" - ) -
2TD !sTP _TD EE-H{I'W
, sg(t)
U*B .
———— t
! |
! '
! :
: {
1
. 1
¢ .
CIA slz(t)
" . '-—-—L—- e ]
ZTD.—CE—%TQ - ZFD—tE+%TQ

Fig. 3.l.e Sync window modulation on~board the satellite
and detection at the earth station.

. . _ .
( case I. Reg. .A: %(TP Tw)<tE<5(TP+Tw) )
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T -t 4T —— T - 4T n(t)
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; !
r ' l
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1!
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81;(':)
. - & ] e
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Fig. 3.2.a Sync window modulation on-board the satellite
. and detection at the earth station.

( case IIT Reg. E: —%(TP+TW)<CE<-3§Tw )



51

T -t kT T ~t_+4T a(t)
p E "W ] b E "W (sync window)
. Y —
! ¥
] )
=
1 E
. 1!
'
)
Tp~4Tp ' Tp*HeTp s (t)
)
o+ o+ (sync burst)
A2 B 2 ¢
]
' » ‘
| I ) .
': 1 TD downlink delay
[} }
'
N :
)
—t_-XTe +
ZTD CE %Tw 2TD jTP 5 (0
8
wB —
s ! i
(]
P !
3! \ f
Jl $
!
] i |
] :
i
Cyp L s, (D) \
ZTD-—CE-HTQ . 2TD-cE+4ﬁTQ

Fig. 3.2.b Sync window modulation on-board the satellite

and detection at the earth station.

. - "} -
( case II. Reg. D: 5Tw<cE< ﬂ(TP TW) )
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Tp=eg™4Ty Tp-tetTy m(t)
(sync window)
} ) l —
)
) ha !
| I I
} ) :
T -NT_ T T
D P ¥ i D P
5.(t)
' w, et w e {sync”burst)
| A % % 2
. [ -t
] ) !
' T
' | TD downlink delay
i ) ' '
) 0!
-t ! ' v -
ZTD tE n.s’rw — ZTD tE+!~§Tw
) ! s.(t)
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1] - t
1
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) ]
1 ’ "
' P
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C.A '
].I 'Slz(t)
2T -t _~bT — -
TD tE i Q 2TD CE-H{,TQ

Fig. 3.2.c Sync window modulation on-board the satellite
and detection at the earth station.

. - - 1 -
( case II.‘ Reg. C: %(TP Tw)<tE<~§(TP Tw) )
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Fig. 3.2.d Sync window modulation on-board the satellite
and detection at the earth station.

( case II, Reg. B:RB(TPTTW)<CE<1§Tw )
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TD-cE—5Tw TD—cE+1{rw m(t)
(sync window)
) : < - t
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1 1 ]
|+ t:E'——-oI
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B — Ty
) s.(t)

! (sync burst)
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] 1

r }
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! | T

) I D downlink delay
( !
-1 -
ZTD 5T?l 'ZTD tE+¥5’I‘w
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t A
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|

I
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{
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ZTD—tE-TQ 2TD~cE+TQ

3.2.e Sync window modulation on-board the satellite
and detection at the earth station.

( case II. Reg. A: 3Tw<tE<B(TP+Tw) )



CHAPTER 4

ERROR DETECTION CHARACTERISTICS

By integrating the incoherently detected signal (signal slz(t)),
the time dependence disappears and the error voltage is simply a function
of the timing error and noise. The relation bgtween the errdr voltage
ané the timing error (i.e., the error detection characteristic) is very
important for the timing error analysis.

Two cases are studied again.

I. 21‘w < TP

II. Tw < TP < 2'1‘w
In both cases, the error detection characteristic has an odd symmetry
and consists of five regions. The transition from one region to the
other is studied in the timing error analysis.
z/f Error detection characteristics are given for both the signal
portion of the error voltage (noise-free signal) and its expected value
in a nolsy environment. Uplink and downlink carrierto-noise ratios are
‘
defined. Then the ratio of the expected value of the error voltage 'to
1ts noise-free value is studied as a function of cthe CNAU (uplink carrier-
to-noise ratio) and the CNRD (downlink carrier-to-noise ratio). (Note:
Although high CNR is a valid assumption for this system, the following
analysis is valid for any value of the carrier-to-noise rgcio.)

In the timing error‘analysis, the expected value of the timing

error after r iterations (transmissions of a sync burst train) 1is evaluated.
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- as well as the number of iterations needed for transition from one region

to the other.

4.1 THE ERROR DETECTION CHARACTERISTICS IN A NOISE-FREE ENVIRONMENT

Assuming that no noise source exists in the system, signal Slz(t)
can be easily integrated to yield the noise-free error voltage as a
function of only the timing error.
The sync window on-board the satellite modulates uniformly all
\
L sync bursts of the same train of pulses. Moreover, since noise-free
(n—f) signals are assumed, all L pulses of signal [sl,,(t)]rl Evare
2 -
identical. Hence,
1 L
vl e — (s ,(t)] _de = | (s, ,(t)] _dt
E'n-f TI L pulses 12 n~f TI 1 pulse 12 n-f
1 kY
2 - + =T -
B T A \
T { L [s),(0)]__dt (4.1
D E 2°Q
[51,)(c)}n_f can be extracted from equations (3.19). to (3.28).
As an example,fthe error voltage {n a noise-free environment for
1 1
- = P - N 2 - :
\\\\ Z(TP+TW) < tE 2(TP Tw). (case [. 'I‘w < TP) is calculated as follows
(—
: “CLA, 2T - €t - ST < < 2T+
1 D E 2w D 2P
Is (00 ] ¢ =
0, elsewhere
N—
and 1
2T+ =T ‘ .
L D 2P L 1
= - = - . + =(T +
[\;E]n__f - T . { L C,Adt a%~C1A [tE 2(TP Tw)] (4.2)

p T 5T 7w L



=

Similarly the error detection characteristitd in a noise-free environment

are calculated as follows:

ERROR DETECTION CHARACTERISTIC [. 2T < T

W P
) (ciale, + X141 - HT AT < £, < - AT -T)  (reg. E)
108 T L 2V e E 20 'p Ty €8.
~C!A-T - 3{T -T.) < t_ < = lT (reg. D)
1 W’ 2P W E 2°W :
(4.3)
1 ,
= ' - —t o— ———
[VE]n_f < ZClA CE’ ZTw < tE < W (reg. C)
ClA-T L t,. < l(T -T ) (reg. B)
1% W 2 W E 2P W :
-c!afc_ - l'-(T +T )] -l—(T -T.) < t_ < }-(T +T ) (reg. A
"Gttty T 2 2\ Ty g 2ty - A
" ERROR DETECTION CHARACTERISTIC II. T, < Tp < 2T,
. 1
o pY 1 _ L
ClAle, + S(TFT) 2(ITP+TW) < tp <=5 (reg. E)
C'Ale, - (T -T ) P P (reg. D)
1% T o2V W 2w E 2P W (o4
31 1 ‘
x3 ) ' - - — - — -
[VE]n-—E $ -Cl:\ Ces . 2('1‘P Tw) < tE < 2('I.‘P Tw) (reg. C)
c'alc. + -]-'-(T -T ) ' Ler 1 Y <t o< i (reg. B)
17 T 2Ny 2P W E 2w
~C!'Afe. - L(“I.‘ +T ) -l—T <t < -L(T +T_ ) (reg. A)
_1YE o 2v e W 2w E 2P W
L
' = ——
where Cl TI CJ.

The error detection characteristics are plotted in Figs. 4.1 and 4.2.

4.2 EXPECTED VALUE OF THE ERROR VOLTAGE IN A NOISY ENVIRONMENT

The error voltage (VE) is a function of the timing error



Fig.
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E

58



59

—/:’
[vEJnff
HC AT, X
' T %
-%(?P+Tw) —%Tw —%({P-Tw)
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Fig. 4.2 Error detection characteristic, case II. Tw<T
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and the noise.

It is possible to average this error voltage over the noise and
obtain its expected value.

. The expected value of ‘the error voltage (equation (3.29)) is

given by:

[V

1
Elv,] = EG— ./ 8., (t)dt) : (4.5)
g TI L pulses 12

Since stationary ngise is assumed and all L sync bursts of the same train

are identically modulated by the sync winddw, equation (4.5) may be writ~-

ten as:
1
. _ZTD - ;E + 2TQ ,
E{v.] = =—E( s,,(t)dt) © (4.6)
R R S %fr 12

In Appendix A the expected valugs.of three representative integrals of
noise (A-1,A-2) and sigpal plus noise (A-3) are calculated. ‘With.the
aid of A-1l, A-2 and A-3; the érror d;tection characteristics for the

ekpected value of the error voltage in‘q noisy environment are derived

Y

as follows: .

Case 1. 2Tw < T

P
r— ;C[c + l(T +T )] - l(T +T ) < t, < —»l(T -T ) (reg
E 2P W ) 2P TW E 2P W ) :
e, S AT -T) <t < -1 (res..
w? 2P TW E 2°W o
Elv ]= { -2Ct ’ ~dr o< < iT ' (reg.
E . E’ \ 2w E 2°W ;
C*T l’1‘ <t < i-(T ~T ) (reg.
W s 2W. E 2P W
" Clt. - T +T.)] Sl vy el < Lrary (reg.
— E-2op owl 2P E 2P W .

X .

4.7 "



where C = %— .

Case 1I. T

—

S 1 1 1
=Clep + (T ) 2(TptTy) < e < T2y E)
Lo i Lo _
Cle, - 2(TP TP 1 LTI | 5(Tp=T,)  (Reg. D)
2t Lty <e < 2T -T )(Reg. ©
E’ 2P W E- 20 p wihes
cle + Y o1y Lr 1y <, <X (Reg. B)
E 2P WP 2°°P W E 2 g-
~Clt. - L(T +T, ) ] lT <t .< '];(T +T. ) (Reg. A)
_ E 2P W 2w "E T 2V'PW g
(K - I .q)
I v
2 2
- CiA
L w1 3.1 .
I ClA. . .20
202. E
22
A 1 3., 54
= '- o - ————1 e — LS - -
Clr A [expl- =51+ F, 53l - 1] (4.9)
ClA o} 20
20%

w < Tp < Ty

3
1F1(711;x)

4.3 UPLINK AND DOWNLINK CARRIER-TO-NOLSE RATIOS

downlink carrier—-to—-noise ratio (CNRB) are quite high.

In this

(Rég.

: Confluent Hypergeometric Function

Z}gtem both .uplink carrier—té-no;Se ratio (CNRU) and

Moreover, now that

new uplink and downlink frequencies are going to be used, taken from the

"empty" microwave bands of the 11/14 GHz and 20/30 .GHz, - the transmitted
: *

power and therefore the Qarrier—to—noiﬁe ratios can be high.-
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(4.8)

Uplink C/N can vary from 20 to 40 db and downlink C/N from 5 to 30 db,



- .
Uplink C/N is always greater than the downlink. The satellite antenna gain

is also small and the effiéiency of the TWTs does not exceed 50%.

The carrier-to-noise ratioc is defined as

¢

CNR = % (N mean noise power)

For narvow—bamt:kﬂse, it dan be expressed as:

E
CNR “oB ‘ (4.10)

where E: energy of the carrier signal meas;red at the amplifier's input,
normalized over 1 ohm resistor
50/2: double-sided noise spectrum density
B: bandwidth qf the noise.

The uplink carrier-to—noise ratio CNRU calculated at the satq}lite'slinpuc.

amplifier is given by:

2 )
. [KlKZA] - - ‘
By Loz . (Cy/c)a
CNRU = nOB - noB - 2nOB (4.11)

The downlink carrier-to-noise ratio CNRD calculated at the earth station's

‘

input amplifier is given'by:

) 2
K. K. K. K K_:A
E [ 12343 ] (0 kB2 o
¢ D nB n B = 2n B ' (4.12)
o ) o . _ :
- C2A2

Now the ratio )

20
terms of the CNRUjCNRD:

which appears in equation (4.9) can be’ expressed in

2.2
ClA . ClA . 1
2 2.2 2n B . 2n B
20 2(C2+K6)noB o . + o

——

2.2 2.2
(C1/C2> A (Cl/KG) A
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or .
A |
=’ 1 i . . (4.13)
20 NR + CNR : T
2.2 i )
. C,A
For convenience the ratio > will be called normalized carrier-to-noise
" 20

ratio CNRN and it represents the bve;all CNR of the system.,

=

N S (4-14)
: R ONR
For. CNR,, >> CNR (say CNR, > CNR + 20 db)

‘ . CNRN = CNRD' (4.14a)

Equations (4.14j and (4.l4a) show that the syscam'perﬁormancé depends

mostly on the downlink carrier-to-noise ratio.

4.4 THE RATIO OF THE EXPECTED VALUE OF THE ERROR YOLTAGE TO ITS NOISE-FREE

' VALUE
In the error detection characteristics (equations (4.3) and (4.4))

A, t_ and

- v : ¢ '
the noise~free error voltage [‘E]n—f 1s given in terms of Cl &

T ,T

W ip Thus it éah be wxittén as:

vplg = Cpar£(eg, T, Tp) (4.15)
where f(tE,TW,TP) is generally a simple, linear function of the timing

‘error, and T Clearly the function f(tE,Tw,TP) has different form |,

P'W
for the various regions of the characteristics.

The expected value of the error voltage (equations (4.8), (4.9))



can be also expressed as:

E[VE] = C-f(¢t

E,TW,TP) ' (4.%6)

¥y

T ,T_ ) 1is the same function as in equation (4.15) for any

where f(tE, W Tp

given value of tee
Therefore, the ratio of the expected value of the error voltage

to its noise~free value can be expressed in terms of the’Eﬁiﬁ,,namely
v ~

in terms of uplink and downlink carrier—-to-noise ratio (equation (4.14)).
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Thus:
\
{j:]:jf - CEA } ‘@ ' 75ferRN_— ' ‘[exp(_CNRN).lFl(%;l;CNRN) - Gan
The confluent hypergeometric function lFl(a;b;ij was calculated
by Kummer's fupcﬁion [31] .
. (a) 22' (a)_z" :
1Fl(a;b;z) =1 + 3% + ?giiiT-+ ees + ?Syigr-+ ce (4.18)

where

(a)n =-a(a+l) .o+ (atn-1) and a = (

The numbér of terms required so that this series cohverges was found to
be gfeater than the argument z, i.e., n > z.
For large value of CNRﬁ% exp(—CNRN) becomes too small and
lFl(%;l;CNRN) too large to be calculated by the computer. Consequertly,
3.,. ' : s
the product exp( CNRN) lFl(Z,l, CNRN) has to .be calculated by the fol

lowing formula [31]:

Fpabsa) = [ @202l Th) s . Rez > 0

~for z very large O(lzL_l) +0
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So
e'z-lFl(a;b;z) = %%E%-za'b . (4.19)
‘Ihus .
— .
. 1 3...
- '~7E§E; . [exP(~CNRN)’lFl(5,l,CNR) - 1]
Elv_]
E = {
[VE]n—f
1- f% . 7E£__ . for CNRN > 28 db or 650 (4.20)
- NRy ' - "

{

In Table 1 the above functions are calculated for CNR = 650
to 674. 1t 4is seen that equation (4.19) is a good approximation, and
even for CNRN = 650 (28.1 db) the approximation error does not exceed

0.04%. From equation (4.20) it is verified that for CNRN -+

s Elvpl

(v

—_— 1 i.e. Efv.] > [v.]
E]n—f E E

n-f
E[v_]

n—§f

In Fig. 4.3 the ratio is plotted versus CNRU and CNRD:

E[VE}
}

~——5— 1is plotted versus (see equations
[VE n-f '

In Fig. 4.4 the ratio

. (4:14) and (4.14a)).

4.5 TIMING ERROR ANALYSIS
The timing circuits (Fig. 2.3) and their operations are described
in detail in Section 2.4. The voltage error is fed to the control ter— -

. minal of the yCO through thé'fIEIng adjustment gate T

" The VCO output ffequency is given as:

f=f +5v (4.21)

E
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~

-

CNR_ in db Y,
28.42¢ LSBEH2
pe. 17¢ .QE5EE
28,12 VLY
28.1%¢ L9657
28.15¢ .96573
28.162 .96575
28.18¢ .25578
28.17¢ .26581
284 122 i0g%33
28.15¢ 55586
2e.19¢ 36523
za.20z . .05591

© 28.270 . L0683
28,21°F .C£596
28,222 .©8598
28.22¢ L96ECT
28.23¢ .9EECS

s.241 .96636
28.24¢8 ,96659
28.25¢L .066%1
28.261 .26614

\ oa.zes .96615
28.27¢ .9E6613
28.2R¢ .56621
28,297 06€23

Afgz /Eﬁﬁ; [exp(-CNRV) lFI g,
1..'ﬁi. 1
.72

l; omv)- 1]
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approximation
error %

L1398
L35z
.0397
-€337
.G336
.g39¢8.
. 6325

- (394



The ratio of the exrected value of the error voltage
to 1ts noise~free value

vs
carrier-to-noise ratio

the urlink and downlink

CNR =50 db
1=0 cx%-z).o db
_— - TTCNR =30 db
£y, CNR( =20 db Ry~
[vEJn_f |
0«82 ~
) CNRU'IO db
0«6 ﬁ
. y
CNR ,= 0 d
0x4: RU =1
Ou.2: .
0.00 | 1 | |
-10.0 0.0 10.0 2040 30.0 40.0 50.0
C¥Ry in db .
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Fig. 4.4 The ratio of the exrected value of the error voltage
to its noise-free value vs the normalized carrier-
ro-noise ratio
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?

where fo: free;running VCO frequency (31.992 MHz ([20])

S: seamsitivity of the VCO in Hz/V.

The interpulse spacing of the pulses produced by the counter

and decoder is

K
T =—% (4.22)

where KC: constant of the counter and

f: VCO output frequency.

From equations (4.21) and (4.22)

£f + Sv f £
o E o] o
SVE
= TQ(l - —?i? (4.23)

where TD: interpulse spacing of the counter pulses with v_ = 0 [24].

E
ST
For an interval To the timing shift is - “EQ‘VE. Thus for a gate length
o
of TG the total timing shift is
T
S f E
0
= —bvE ) (4.24)

Let tE(O) be the inicial timing error obtained from the coarse search
mode and VE(O) its corresponding error voltage measured at the integrator

output, then the first timing shift is:

4

ts(l) = —va(O) (4.25)

Consequently the first timing error of the fine search mode is given by:
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tE(l) = cE(O) + ;S(l) +"cM

= Fé(O) - va(O) + t (4.26)

M

tM is the. change in path delay between two successive transmissions

due to the satellite motion [33],[34].

Assuming constant velocity satellite motion, t_  is given as

M
'CM = z%(ZTD + TEP) = K% . ZTD
where Vx: radial velocity
C: wvelocity of ligﬁc
ZTD: round‘trip time delay
T..: ¢time required by the earth station to process the L received

EP

sync bursts (TEP = LTO << 2TD)
The change in path delay ty has been estimated to be of the order of 18 ns [20].

Equations (4.25) and (4.26) can be generalized as follows:

ts(n+l) = —b'VE(n) (4127)

M (4.28)

cE(n+l) = cEﬂn) - va(n? +tc
From the error detection characteristics (equations (4.3), (4.4)
dand'(4.7), (4.8)) it is seen that for a positive timing error, the cor-
responding error voltage is also positive so that the timing shift (4.27)
is negative.

Assuming small path delay due to satellite motion: Cy < tE(n) - bvﬁ(n)

cE(n+l) < cE(n)

or | [tE(n+l)I < [tE(n)l ‘ - (4.29?
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Similarly, when the timing error is negative, the error voltage

is also negative and the corresponding timing shift positive. Then,

cE(n+l) > tE(n)

or [ eg(nrl)| < | ez ()| ' (4.30)

Y

Equations (4.29) and (4.30) verify that the timing circuits
always provide an absolute reduction in the timing error.
[(Note: The case where the timing error of two successive iteratiqns

are of opposite sign (region C) 1is not considered since it is shown In

2

equations (4.43) and (4.49) that under the restriction 0 < 2bC < 2 and

afrer a large number of iterations, the timing error converges to zero
. t -
or, if we consider satellite motion, to E%E (order of ng).)

The detailed analysis of timing error reduction in the Regions

A, B, C {s described next. Due tg odd symmetry of the error detection

characteristie¢s, timing error analysis for the regions D and E can be

~

obtained from the corresponding analysis of Regions B and A.

4.5.1 Case I. ZTW < TP

. 1 1
a. 4dnalysis for Region A 2(TPva) < tE < Z(TP+TW)

In Region A the expected value of the error voltage (equation

-

(4.7)) is given as:
1
B0, (W] = =Cleg, () - H(T1) ) - (4231
After the first iteration, the timing error is (equation (4.8))

(L) = tEA(O) - va(O) + oty (4.32)

tEA(O) is the initial timing error obtained from the coarse



search ﬁode and must be less than'%(TP+Tw). The expécted value of

tEA(l) is calculated as

»

E[cEA(l)] = cEA(O) - b~E[vEA(0)] + ty

bC
= tEA(O) + thEA(o) Z(TP+TW) + ty

After the second iteration the timing error becomes:

tEA(?.) =-'cEA(l) - bvm(l) + CM

and its expected value 1s (see Appendix B)

Eleg, (D] = E[Eleg, (D] + bCty, (1 - BHT41) + ¢)

bC
= E[E[cm(l)} + bce_, (1) - 2(TP+TW) + t ]

EA M

bC .
= (140 Efe, (1) ] = (THT ) + £y«

Substituting E[tEA(l)] from equation (4.33), E[tEA(Z)] becomes

E[cEA(z)] = (l+bC)2t (0 - [E%(TP-VTW) - tM][l + (1+bC) ]

EA

Similarly, the expected value of the timing error after r iterations

is given as:

r
) - [Egkrp+rw> -] ) awoytt

Bleg, (0] = (10 -t

EA ML
. T _(bC 3 C Aot -
(1+b0C) cm(O) [ 2(TP+TW) tM] (14b0) = 1
r L ML u
= (L+dC) "+ [ep, (0 = S(Tp+T) + £o] + H(Tp¥T) = ¢
r r. 1 ¥
= §l+bC) e, (0 = (1 + (WO T (T - oEl
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(4.33)

(4.34)

(4.35)



1

timing error after r iterations in.the case of noncoherent FSK sync

For high carrierto-noise ratio bC + bC'A and the expected value of the

N .
bursts reduces to the corresponding value for the case of coherent FSK

sync bursts [22].

The number of iterations r, required for transition from

A

region A to region B is tiow cdlculated. Firét,the real number r, such

1 e . 1. .
that: .ELCEA(r)] 2(TP Tw), is calculated. 2(TP Tw) is the boundary

—

between Region A and Region B.

) . . .
, £, 1 My, L G P
5 (1—+bC) [cEA(O) - Z(TP+TW) + bc] + E(TP+TW) 5C E(TP Iw),
or - o e _ Eﬂ "
'(l+bC)r - L W ; bC
et \ Ty
TR~ 50~ @ ,
Thus, . tM t
) . M. 1 M .
. (T, - g0 T BT - e < Ep, (O]
: Ln(1+bC) g :

A for transition from Region A

Then the required number of iterations r

to Region B is the smallest integer‘éucﬁ that:-

tM 1. . tM )
- My i o G .
| ) . in(Tw bC En[E(TP Tw);% e “tEA(O)]‘
A smallest .o 2n(1+pc)
integer

(4.36)

X To achieve convergence with satellite motion, bC must be large

enough 8o E[tEA(fi]‘é %[tEA(r—l)] [22]. Assumin; positive FM’ this

‘requifement yields:-

- : C o ¥
n.‘ . M CM . . : . . '
‘ : bC > 7 - : _ " (4.36a)
! N 2 -
| ST - e, (0)

EA
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!

b. Analysis for Region B sz < CE < 2(TP Tw[

In Region B, the expected value of the errdr voltage (equation

(4.7)) 1is given by

_E[vEB(n)] = CTw -~ o (4.37)
After the firsﬁ(iteration, the timing error is
Tt
tEB(}}‘= tpp(0) - bv (0) +TCM h (4:38)
where tEB(O) is defined by the transition from the Region A to Region B ‘

as:

tEBﬁO? =‘E[CEA(IA)] .and 1, is defined in (4.36)

[

The expected value of -the first timing exrror is then,
s ’ S P ]
E{tgg(1)] = £.3(0) = bCT, + ¢

The expected value of the timing ‘error after r iterations is then given as:

Elegy ()] = £,,(0) - r.[scrw -t

9 I (4.39)

The number of iterations‘rB required for transition from Region B to

‘Regién C-is calculated as:

SN 1
t . (0) - 3T ' ’
(r.) > AN (4.40)
, smallest 4] M :
integer
To ac@ieve convergence with satelﬁite:motion bC must be [Zi]:

0 ‘ .' ‘. ' ) t ‘

‘ : bC > =4 . : (4.40a)
Tw oo
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: . 1 1
c¢. Analysis for Region C , E’Tw < t:E < ETW

In Region C the expécted value of the error voltage (equation 4.7)

is given as:,

EtvEC(n)] = 2Ct._(n) (4.41)

EC
As in Region A ( section 4.5.1a) the expected value of the

timing error after. r iterations 1is:

r Ty Ty
CE(tge(0)] = (=207 [e, (0) = 3C] + . (4.§2)

]

Again téC(O) is the initial timing error in Region C and is

defined as

(r )]

t_. (0) = E[tEB 3

EC

B

o In ordér that the timing error converges, a-restriction must

where r is\given indequacion (4.40) .

be imposed upon the carrier-to-noise depéndent facter 2bC: . !

|1 - 26c] < 1
or

. - 0 < 2bC < 2 (4.43)

[Nofe: 2bC depepds'on theis&nchrogization loap_parameters such as:
S: sensicivity of the VCO,

T .: timing adjustment gate,

f © VCO free running frequency,'

C.:. the total ‘loop gain,

A signal amplitude

and the uplink and-downlink carrier-to-noise ratfio (see equations (4.9), (4.13),

~

(4.24).1]

c8
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Thus, the steady state error due to satellite motion and noise

is

4.5.2 Case 1I. Tw < TP < 2'1‘w

The analysis for Case II is essentially the same as in Section

4.5.1, thus only the results wi}l be presented:

o 1 1
a. Analysis for Région A ETW < tE < E{TP+TW)

Blvg, ()] = “Clegy () - HTp+T)]

. -t

Eleg, (0] = (10 Trey, (0) = [+ (140 T+ ((T,#1) - &
t
r 1 \ M 1 _ M %
= (1+bC) °[tEA(0) - SUIpHT) + Tol + ST+ ) - o= (4.44)

The number of iterations T, required for transition from Region A

to Regign B is

- M nidrary - X - (o))
- “(r,) ' , 2P  bC 2P W bC EA
smallest n{1+bC)
integer .

(4.45)

Convergence with satelliﬁg motion is as in equation (4.36a).

. ) '
b. Analysis for Region B _%{ﬂy-Tw) <t < =T

E(ogp (W1 = Clegy(n) + FHT,-T)]

M

Eltgg ()] = (1290 T+ e2(0) = (L = (1071 ({11 - 56

EM M

r 1 1
= (1-bQC) ‘[tEB(O) +‘2'(TP-Tw) - T)._C—] - [E(TP—TW,):.FE] (4.46)



The number of iterations Th required to reach Region C is

tM 1 tM
j?-n[(TP—Tw) = 5ol ~ inlegg(0) + ?TP—TW) - val

. > -
(rB)smallesc 20(1-bC)

integer

Convergence with satellite motion

t
M

1
ZTp T * tpp(0)

- bC >

' 1 1
C. Analysis for Region C - 2(TP--TW) < tE < E(TP Tw)

E[V ()] = 2Ct (n)

M Yt

r
E{tg ()] = (1-2b0) o5 (@) - 58] + 3¢

Again, .1 -2pef <1

ot 0 < 2bC < 2

-The steady state error due to noise and satellite motion is

e

again EEE'

e

12
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(4.47)

(4.48)

(4.49)



APPENDIX A

INTEGRATED ENVELOPES OF GAUSSIAN ‘NOISE AND SIGNAL PLUS NOISE

AND THEIR FIRST-ORDER STATISTICS
‘ P g

The expected values of three representatiVe integrals, averaged
over the noise are evaluated.

t2

IIETC
£t '

«dt

Since noise z(t) is a stationary process, its envelope |z(c)|
is also stationary and its expected value E[Iz(cj[] will be a constant
independent of time ([37]. Thus the expected value of the above integral
may be written as:

. ~
t2'
EC(f |z(t)]-dt) = (t,-t ) *E(]2(0) ])

" n .

1
For a Gaussian narrow-band noise wiqh.zefo mean value and standard
deviation /noB [38] the probability distribution of its instantaneous
value Q(to) is given by [39]:

2
2n B
o

p(z) = —=— exp(- )

2rn B

o

where nO/Z: double-sided noise spectral density
B: bandwidth of the noise.

Then its envelope .|z(t)| is Rayleigh-distributed [40] with the expected

value [41]:

78
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EC(lz(e)|) = % n B

A

Therefore:
) . .
ki .
E( [ Jz(t)]+de) = [ E(]z(r)])-dt = (¢,-t)) /7 n B (A-1)
tl . tl -
2. t,
/ lc z, () + K.z (c)l dt
€

The stochastic processes C (t) (uplink n01se) and C (t) (downlink

noise) are Gaussian-distributed with zero mean and standard deviation

//anoB and v Kzn B,respectively [35]. Consequently,the process

6 o
(CZZl(t) + K622(t)) is also Gaussian with zero mean value and

standard deviation o = / (C +K2\n B [36].

6°
Therefore, lszl(t) + K622(t)] is a Rayleigh-distributed process

with expected value [41]

. . E(lc 1 (©) + Ke (c)|) = //‘ /%‘C§+K§?“OB

nt

Thus, ¢
2 ‘ . .
T, .2,.2 . .
E(£ z,(£) + Kz ,(e) [+de) (t,-t)« /5(Co+K ) n B (A-2)
1 _ . '
t, o ) :
3. {. [(Cyra + Cyrxp (B) + Kgexy(0)) + 3(Cyryy(0) ¥ Kg 'y, (e)) ] -de
Lo : :
Put _q(t) = Cl-A + C2 xl(t) + K6-x2(t)
B(t) = Cyey () + Kooy, (t)

Process a(t) is Gaussian-distribufed-with mean value Cl'A and standard
«
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deviation-g = ¥ (C§+K§)noB Process B8(t) is. also Gaussian with zero mean

and the same standard deviation ([35],[36],

i.e.,

(a=C,) 2 . (6-CA) 2
p(a) = exp (- ]= exp[- ]
2 2 2 2.2
Lav2m 20 /f2w(C2+K6)ngB . 2(C K )n B
2 2
TR S Gl W S L
ov2n 20 /2n(C2+K2)n 3 2(c2+1.< )noB
2 6" o
put a(t) = r(t)-coso(t)
B(t) = r(t)-cose(t)
. 2 2
Ce ) = afe + 8k
then \
p(r,8) = r-p(a)p(B) [42]
and N
2m ) .
p(r) = [p(r,8)-dd '
0. -«
ca? - 2c.A + of + 32
r 1 . L
p(r!e) = 2 ¢ exp - 2
2ng e 20
CZAZ - 2rClAcose + r2
Zqo 20
c C2A2 +'r2 1 rClAcose
" eel Tl s e
o 2 - g ,
Ve J
50, . 2+ £? L rC Acos8
P(r) = =5 - exp[~ —=—5—] - 5= [ exp 5 - de
o] 20 0 g
C2A2 + 2 rC.A'
=E_ . exp[- L 1°T ( l)
2 2 Te) 2

g 20 a -



where Io(x) is the modified Bessel function of the first kind and zeroth
order {41].
The above distribution is called the Rician distribution [43].

The exﬁected value of the process:

2 .
{ |(C1°A + Cz-xl(t) + Ke'xz(t)) + j(Cz'yZ(t) + K6'y2(c))[dc
1
. =I/a(c)+8(t) de
1
2
= | r(t)de
. €1
is now calculated.
2. -5 _
EC(f r(t)de) = [ E[r(t)ldt = (£,mtIE[r(D)]
S 1
where
E(r(t)] = [rp(r)dr
o
X “
exp[~ ——7] o 2 rC.A .
= 7 20 . fr%exp[— E—EJ'IO( 2 ) dr
g ) 20 " .
In [54] the definite integral
”u
P -exp(-ax2)~Jv(Bx)dx
' o . ’
is given aé
- ) (_ELV+_1) okl 2
fxu'exp(—a§ Y+ J (Bx)dx = 2 - F (v La ;V+l;—8 )
. v 1 11 2
o vl §(u+v+l) . 4a
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where Jv(x): Bessel function of the first kind and vth order, and

Fl(a;b;x): Confluent Hypergeometric function.
Using the relation {45]:
J = )\). —13
(B0 = 37 (~38x)

the above integral becomes

82

v o oHEvHL
= ) 5T S L
Jx rexp(-ax“)I (-3jBx)dx = 171 2 T 2
o B hl %(U+v+l) (1) 4a
‘ jve2V s A
and for b = -jiB (8 = jb)
v M +y+1
w b’ T ) 2
fxu'exp(—axz)l.(bx)dx = 2 + F (\)‘HH-:L sV+1; b’)
v 11 2 2
0 _ 2(u+v+l) ba
2 T (v+l)
ClA
For u = 2, v=20, a = 5 and b = —/—
2
20 o] .
2
E[r(t)] = Y2:T(3) o exp[- 1+ F (3313
2, 112 2
N 20 20
S
So tz ) .
E({ [(Cp-a + Cprxy (£) + Kex (1)) + 3(Cyey () + Koty () [de)
1
C2A2 CZA2
- )//— cg-exp|- _l__] 3 *i__)
P l 1 2’ 2 (A-3)
0 20

= thz—tl)

k)



where

and

2,2

; C A
LI I S 3.
K J/; crexp| 5 ] lFl(Z’

20

/S 2 2
G = (C2+K6)nOB

1;

C

[N Lol SN
Q

A

2

—3)

2
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APPENDIX B

THE EXPECTED VALUE OF A FUNCTION OF TWO DEPENDENT RANDOM VARIABLES

Let z = g(x,y) be a fynction of the random variables x,y.

Then its total expecked value if given by [46]:

E (2) = E{g(x,y)} = E_{E{g(x,y)/x}} . (B-1)

where E {*} denotes the éxpected value over the random variable x and
x

E{g(x,y) /x} the conditional expected value [47J which ts clearly a

function of the r.v. x.

Let now z = g(x,y) be of the special form
g(x,y) = x +y (B-2)
Then [46]
. . Elg(x,y) /x} = E{x/x} + E{y/x} (B-3)

Clearly, E{x/x} = x

Let, finally, E{y/x} be equal to ax + b, i.e.,

-

E{y/x} = ax + b (B~4)

where a, b are constants.
Suﬁstituting equation (B-4) into equatiom (B-3) and then in (B-1),

the total expected value of z = g(xt+y) becomes

Ez(z) = x+ax +b = (1L +a)x +b (B-5)

Equation (B-5) 1s used in Section 4.5, where z = g(x,y) is the timing
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error after n fterations (cE(n)), x is the timing error after n-l
iterations (tE(n—l)) and y is the time shift tsh(n) = —bVE(n~l).

Thus for Case I, 2'1‘w < TP and for Region A

bC
E{csh/tE(n-l)} thE(n—l) - —E(TP+TW)

and

bC
E{tE(n)} = (l+bC)°E{tE(n-l)} - 2(TP+TW)

g
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CHAPTER 5

COMPUTER SIMULATION

A computer program was developed to simulate the processed signal
slz(t) (signal plus noise) prior to integration. Integration of signal
slz(t) ylelds the error volc;gé. The expected\valﬁe of the error voltage
over the noise, is simply derived by simulating and integrating‘signai
slz(t) for dif?erent sets of noise samples, and averaging the so-obtained
values of the error voltage. The me;n square yflue of the error vblcage
is derived in a similar way.

Clearly, the error voltage is a function of the timing error.
Thus by repeating the above procedure for different values of the timing
error, the first- and second-order error detectlion characteristics cam
be obtained, i.e., the é;pecced and mean square values of the errorv
voltage as funccioQ§ of the timing error. The first-order er;or degéc—-
tion Eharaccerisbic.is compared with the theoretical one (Chapter 4).

The second~order error detection characteristics can bexagproxi-
ma:ed (fitced) with smaoch curves (linear, quaﬁracure and parabola)z

Following thié,the mean square value of the timing error as a function

of the number of iterations can be calculated.

5.1 SIMULATION OF THE 'PROCESSED SIG&AL PRIOR TO INTEGRATION

It is possible that the signal slz(t)fcan be simulated by a
digital computer in the form of a sampled signal.

1 1
2 2 -— - — + .
The signal 512(c) exists bereen TD CE ) TQ pnd 2T CE ?E .

is assumed constant and is not considered -

The round trip space delay ZTD

) .

N—



..

~

~

any:furcher. Thus, the duration of signal slz(t) is edﬂalxgo the imput

te T..
ga £ %q

This duration is divided into the desired number of samples _

which form the signal le(t)' Let the_number of samples be N, then the

stepsize H between two successive samples is H = TQ/N.

~. Eaéh of the N.poiﬁts on the time axes is'supplied with éight (8)

]

noise sémples. These eight (8) sets of N bandlimited Gaussian noise

samples represent: ' .

"X11, (xi(t)):
X111, (x) ()
X12, (%5(t)):
XIIZ,(x;(t)):
Y11, (y;(£)):
YIIl,(y;(c)):
Y12, (y5(€)):

YII2,(yh(t)):

represents‘che in-phase component of the uﬁiahk noise

with respect to the frequency w
’ TR

A

represents the in-phase component of the uplink noise

with respect to the frequency Wy

-
< Ty

t

of the FSK sync buyrst

’

of the FSK sync burst

represents the in-phase component of the downlirk noise

with respect to’the frequency w, of the FSK sync¢ burst

repreéen;s the in-phase component of the downlink noise

with respect to the Erequehcy w, of

B

represents the quadrature component

with respect to the frequency N of
repfesents the quadraturévcomponent
with respect to the frequency wﬁ of
represents the quadrature component
with respéct to the frequency Wy of

t B
represents the quadrature component

with respect to thé frequency wp of

§

the FSK sync burst
of- the uplink noise
the FSK_%ync burst
of the uplink nodse
N
the FSK sync burst

of the downlink noise

the FSK sync burst

of the downlink noise

the FSK sync burst

87"’

These noise samples were taken fromsa Caussian noise generator and recorded

on magnetic tape.

»

A8
-

Theé analytical expression for signal slz(t) is given in Section 3.4.
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.

It is seen that for a givén value of the timing error (i.e., in a certain °

~

Region) slz(t) consists of different functions of noise and functions of

_ N R " B
The time limits NT1l, NT2 of each of- the above functions are derived,

signal plus noise. .

starting with (NTl)lst = 1 and (NTZ)lst = (duration of the %}rst function) /H,
. Cx

‘for the first function (Fig. 5.1). Then, the values of each sample from

(NT1) to (N’I‘Z)lst are calculgted and stored in an array X( ). The time

1st

limits of the second function are derived as:

(NTL), = (NT2),  + 1 ,
' (5.1)
(NT2) 5 g = (BEy  *+ ot ) /H

where Atlst = duration of the first function

A€ = duration of the second function

2nd

LS

. ) .
Again the values of the (NTl)anth to (NTZ)anth samples of the signal
slz(t) are calculated and stored successively in the array X( ).

Finally, the gime limits of the last function are derived as:

.

(NTl)lasi = (NTZ)preVious

(5.2)

NT2 - = T = N
) T/
“

After the calculation and storing of the samples referred to the

¢

last function,'fﬁ; array X( ) contains the N samples which form the prd—

a

cessed signal prior to integration (signal slz(t)).

The computer program which' was used to simulate signal‘slz(t) is

listed at the end of this chapter. Simulation was performed for a system with

-

the following parameters:

¥ ' \
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"t,
: ™~
N £

- ™~
Voltage level of the créhsmitted signal . A = 1 Volt e -
. Tocal‘ ga}n of the synchronization loop . c, =1 e
Géin of the downlink - C2 =1 ) .
Gain of the inﬁut amplifier (earth station) , K6‘= 1
Input gate duration . \TQ = 4 us ‘
Sync window duration Tw = 2 us
FSK sync burst duration TP = 6 us (casg I) or fP = 3 pus (case II) -

Y

The noise power (noB) was varied to yield appropriate values of the uplink/down-

———

1ink carrier-to—noise ratio:

nOB (in Watts) yields CNRU/CNRD in db

107/2 (.0005) _  750/30 (practically noise-free)
,10'2/2t(..005) _40/20. - ]
10712 ¢.05) i . 30/10°

. A few zamples of the simulated signal for different values of the timing

error are shown in Figures 5.2, 5.3 and 5.4 (computer blottings).

5.2 THE FIRST-ORDER ERROR DETECTION CHARACTERISTIC OF THE SIMULATED

ERROR VOLTAGE AND ITS COMPARISON WITH THE THEORY

The error voitage is obtairded by integrating signal slz(t)‘(see

Section 3.5). Computer integration of the simulated signal slz(t) was
performed by means of the trapezoidal rule [48]:

x_+(N-1)h , ’ -

n Z ‘ h . .

z = y(x)dx = -2-(yl'+ 2y2 + .0 F 2yN-1 ny)
X
1 . . /
N-1 -
S B N (5.3)
271 N {=2 i :
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.

Even though the trapezoidal rule is -the simplest but léast accurate

numeric;27method of integrating‘a tabulated function, however, it is the

1

most suitable for functions with random Eluctuaqions.

The global truncation error. R in z is given by_

+ (N-1h} ( : (5.4)

? R = "<§§%h3°y"(€) felx)x)

o

The maximum value of y'"(§) which was encountered in this particular

was of the order of 103. Thus for N = 200 and h = 0,02 the maxi-

error volpage values of 0 to 2).

-In order to obtain the expecﬁgd value of the error VoI%ageifér a

given timing error, the signal S19

of times, eaéh ;ime being suppliéd with different and independent sets of

(t) is simulated and integrated a number

noise samples. Consequently,the expected value of‘the error voltage is

' simply the average of the integral values of the simulated signalvslz(t).

The simulated error detection characteristic is fdrmgd (Fig. 5:5) by
repeating.the whole procedure for different values of the timing error,
‘ 1 1

— + — .
2(Tp*Ty) to 2(Tp*Ty)

Simulation was performed for a system having the parameteré given

ranging from -

in Section 5.1. Moreover, the rat:io'L/TI (L: number of sync bursts of

the saﬁe train, TI:
L/TI is different from 1 the entire error detection characteriétic, simply

£

integrator time constant) was chosen to be 1. If

has to be multiplied by it. ” ' -

("%he downlink gain C2 was also varied along with the noise power
) ~

‘X

,noB to yield the proper values of the uplink/downlink carrier-to-noise

ratios (CNRU/CNRD) as follows:

- .
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Fig. 5.5
erroy detection characteristic
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C, nois (in Watts) yleld CNR,/CNR, in db
107172 107372 40/30 ’
107374 10725, 40/25
107 t/? 107%/2 30/20
107374 107072 ' 30/15
107172 | 107Y2 20/10
107374 10799 20/5
107t 10%/2 20/0

S

The.compu;er program used is listed at the end of this chapter.

The first-order error Qetection characteristic, based on the theory
which was described in Chapter 4, is calculated through the eqﬁations (4.7)
to (4.8). In Figures 5.6 to 5.12 the theoretical and simulated first-
order error detection characteristics are shown for different CNRU/CNRD
values.

A quantitative comparison between the theoretical and simulated

o
[N

error detection characteristics can be made by introducing the following

error:

: n
\%/ i L i -2
. (iél[E[vE]theory ‘E{VE]simu}ation] )
"error" = — ; (5.5)

where n is the number of the simulated and integrated signals (i.e.,

error voltages) corresponding to n difflerent values of the timing error.
Clearly this ”érror“’can be deduced (mostly in low CNR tases) by averaging
larger number of the simulated error voltagé (i.e., increasing NN, see

program list),

In Figure 5.13 the above "error" is shown for different values of

QMKU/CNRD.
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5.3 COMPUTATION OF THE SECOND-ORDER ERROR DETECTION CHARACTERISTIC AND

ITS APPROXIMATION WITH A SMOOTH CURVE

The mean square value of the error voltage is calculated by’ ; e

. .t .
averaging its square values, each one computed for a different and in-
a

-

dependenX set of noise samples. ’ ' T

¢

As in the computation of the first-order error detection characteristie,
the mean square value of the error voltage can be given as a function of the

timingf;rror, yiéldiﬁg the second order error detection characteristic:

S
For this, the simulytion data are approximated with smooth curves as follows:

Second-orfder error detection characteristic. Case I.

: 2 P2 1 1
Reg. E: E[VE] ,aEtE + BEtE + g .— 2(TP+TW) < tE < E(TP-Tﬁ)
' .' 2 . L1 1
Reg: D: E[VE] Yp . ~-Z—(TP Tw) < tE < ETW
2 2 1 )
. - _ p
. Reg. C: I-:’.[VE{ aCtE + g ETW < tE < %’IW | (5.6)
Reg. B: E{;Z] =y | i P £, < l(T -T.)
o E B 2°W g < 2Ny
. 2y o 4 tt 1
Reg. A: E[VE] aAtE + BAtE + YA_ 2

\ ' 1
(TP TW)'<'tE < 2(TP+'TW) ‘\»

Second-order error detection characteristic.'/Qase 11

. 2, _ .2 : 1 » 1
Reg. E: E[VE] aEtE T,BECE + Yg 2(TP+-TW) < tE < ETW
. 2 = 2 . ’ - }'_ — _l.
Reg. p. E[vE] GDCE + BDtE + Yy . : 2'1‘w < tE < 2(I‘P-Tw)
keg. C: E[V2] = o tz + vy . - l(T -T) < t_ < l{T ~T ) (5.7)
: E CE C 2P W E 2P W '
Reg. B: E[vz] = q t2 + 8.t + ¥y ‘ ;(T - ) < ¢t <
' E' " %BE "BE "B ' A E"
Reg. A: E[vz] =3 t2 + 8.t + ; | lT <t < }{T +T )
- E AE AE A 2°W : 2V°P W

N

The coefficients of the quadratﬁre polynomials were éoﬁbﬁted byﬁw/
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means of the least square method [491, [50]. Special attention was given to

the coefficient Yo (constant term at Regivn C), and separate simulation was

since it is

c y P

used to calculate the ultimate timing error, f.e., Yhe méan square value

" carried-out for ty = 0. The coefficient vy, is quite Impqrtant

‘0of the timing error after langg number of iterations (equation (5.23)). 57

£ bl

The coefficients of the fitted curves, corresponding to various !.
values of the uplink/aqynlink carrier-to-noise ratio (CNRU/CNRD) are shoan
|
in Tables II and III. . /

The simulated second-order error detection characteristic and its

§£@roximation ate shown in Figures 5.14 to 5.20 for different values of
CNRT/CNRD.

5.4 COMPUTATION OF THE MEAN SQUARE VALUE OF THE fIMING ERRO

The timing error after n iterations is given (see equation (4.28))

o

@D
N _ . _ N .
tE(n{ tE(n 1) . b vE(n 1 CM ‘ -
Thus,

2 2 2 2, 2
tE(n) = tE(n—l) + b,~vE(é 1) + tM

+ 2t (n-1) vty - e (a-1) + tM}vE(A-L) (5.8)

The mean square value of the error is given (see Chapter 4, Appendix B) as:

—

1]

2 2
:E[tE(q)l Eté(n_l){E[tEgn)/yE(n-l)J}

(§2(o-1) + bE[vi(a-1) ] + ¢

=‘E‘
tE(§ 1

-1) - -2 - . (-1
+ ZtE(n 1) ty ~b(tE(n ‘1) + tM) E[VE(n 1]} (5.9)
. ! ( : .
The mean square value of the error voltage E[vg(n;L)]; obtained from the
simulation,‘is given in equations (5.6) and (5.7) aqd its expected value

+

\t



TABLE II

Coeffiéients‘of the gsecond-order error detection characteristic

case I.

2'1‘w < T

P
Fitted Curve for Region A: E[vé} = aA é + BAEE + YA
CNRU/CNRD aA(volEéz/usz) BA(voltgaus) ‘ YA(voltsz)
4/30 .929 ~7.46 ° 14.98
25 ~.885 ~7.12 14.30
30/20 .805 > -6.48 13.04
‘15 687 ~5.55 '11.20
20/10 496 ~4.,04 8419
5 . .284 -2.35 4.85
0 .106 -0.92 .2.00
R 2
F%?ted Curve for Region B: E[VE]'= Vg
CNRU/GNRD , 'YB(voltsz) )
40/30 .3.76
.25 3.60
30/20 3.30 -
15 « 2.86
20/10 " 2.13
© 5 1.32
-y 0 O'éi7
* Fitted Curve for Region C: Efyé] =<1Ct§ + e (
CNRU/CN_RD ac(voltszlu52{ yc(vo¥CS2)
40/30 ©3.77 8.05 - 107°
25 3.61 5.47 - 1073
.. 30/20 3.30 2.12 « 1074,
15 " 2. 5.90 - 1074
20/10 2.15 1.63 + 1073
5 1.34 3.94 - 1073
0 . 0.626 1.04 * 1072

™~
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TABLE II (Continued)

Fitted Curve for Region D: E[vé] = Yp

CNRU/CNRD YD(voltsz) o
40/30 . 3.77
' 25 l 3.61
30/20 ' 3.31
15 2.88
20/10 2.18
. 5 1.38 .
0 0.687
Fitted Curve for Region E: E[vz] = a-t2 + 8 t 'y
E EE EE E
CNRU/CNRD aE(Qoltsz/usz) BE(VOICSzlus) YE(voltsz)
40/30 : .939 7.51 15.02
25 , .900 ©7.20 14.39
30/20 .822 6.59 13.18
15 - .715 5.72 11.46
20/10 530 4.26 © 8.55

5 - . .333 2.68: . 5.40 .

0 .160 1.28 2.60 =
NOTE: The computation of’thé above coefficlents was based L
on the simulation of a system with the following parameters:

Voltage level of the transmitted);ignal A= 1 Volt 3 ® i

Total gain of the synchroniiaciéh loop ¢, = 1 !

Gain of the inpﬁé.amplifier - , ' Eﬁ =]

Input -gate duration TQ = 4 u§

SYRS window duration . Tw = ? us

FSK,Sync-Qurst duration 'I.‘P = 6 us

Integrator time conftant - TI =1 us / ;?
The downlink gain C, was varied’(lq“lfz, 10“3/4, 10'}) to differentiate
the CNRy and CNRﬁ (see Section 5.2): ® '

4
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S

Coefficients of the second-order error detection characteristic

~

2
Fitted Curve for Region A: E[vE] = ¢ t2

CNva CNRD
40/30
25
30/20
15

TT-~20/10

5
0

Fitted Curve for.Region B: E[vé]“= a

CNR,,/ CNR_

40/30

" 25
30/20

.15 -

20/10
s

0

"Fitted Curve for Region C: E[vg] = q

CNRU/CNRD
40/30
25
30/20
15
20/10
3
0

case II.

T

aA(voltsz/usz)

.939
.901
.830
.725
.551
. 349
.166

-

< TP < ZTw

A E

g
SAtE

+
Ya

BA(volcs /us) YA(volts )

-4.72
-4.53
4,16
-3.63
~-2.74
-1.73
-0.81

t2
B E

5.93
5.68
5.22

*

+ BBCE

4.54
3.41
2.14
l1.01

+ YB

.aB(voltSZ/usz) ' BB(voltszéué) YB(volpsz)

.921
. 864
. 757
.606
.369

.091 -

-.127

.963
©..946
:909
.856
.755
647
.514

- aC(voltszfusz)

.
QO = NN W W W

.78
.61
.32
.88
.17
.37
.68

-

2
ctg t

YC(VO

- 8.05 -
5.47
2.12 -

5.90

. 1074
1.63 -
3.94 -

1004 °

246
.228
.197
1150
.081

-.0002

~.0416

2

Tc

1ts9)

10-6
107°
10~4
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TABLE III (Continued) !

Fitted Curve for Region D: E[vé] = abtz + BDtE + Yp
CNRU/CNRD aD(yoltszlusz) BD(voltszlus) YD(voltgz)
40/30 924 -.968 ' . 245
25 .867 -.944 .230
30/20 .760 ¢, -.908 .198
15 .610 -.857 .- .151 )
20/10 .365 -.760 ) .080, .
5 .094 ~.648 ©.0001
0 -.130 ~.520 -.003
Fitted Curve for Regjon E: E[VZ] = a tz + 8 ¢t + vy
E EE " "EE  'E
CNRU/CNRD“ GE(VOltSZ/uSZ) BE(vgltszlus) ﬁgvoltsz)
40/30 | d .948 4.72 5.87
25 909 . " 4.52 . 5.63 -
30/20 836 - . 4.16 '5.17
15 727 3.62 4.51
20/10 .550 2.74 3.42
5 .352 1.75 2.19

0, .180 0.88 1.12 ¢
NOTE: The computation of the above coefficients was based
on the simulation of a system with the following parameters:

Voltage level of the transmitted signal A = 1 Volt

Total gain of the synchronization ldop Cl = ]
Gain of the input amplifier K, = 1
Input gate duration ‘ TQ = 4 s
Sync window duration Tw = ? us

. FSK Sync-burst duration TP'= 3 us °
Integrator, time constant’ T, = 1 us

The downlink gain C; was varied (lO'l/zt 10“3/4, 107Y) to differentiate
the CNRy and CNRp (see Section 5.2). )
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E[VE(ﬁ—l)] in equatiops (4.7) and (4.8).

nﬁmber of iEErationsﬁis now calculated for the Regions A, B and C and
for both cases. . i

P
P - t ’ 4‘)“'
5.4.1 Case 1. ZTw < TP . ﬁ
. 1 : 1
5.4.1la Analysis for Region A E{TP Tw) <t o< E(TP+TW)

<

2

2.
Elvga(m)] = a,tp, + 8

A%ea T VA
Elvg, (W] = =Cleg, (1) - FT,+T) ]

Substituting equations (5.10) to equation (5.9) we obtain:

LY
Elt%ﬁfﬁ)] = Ec (n_l){(l‘+ ngA + 2bc)t§A(n—l)
A E
2
+ (b BA + ZtM(l + bC) + bC(TP+Tw))tEA(n-1)
2

2
- +
L 4+ b Yy + cM ‘ bC(TP Tw)tM}

TN

A-E[téA(n—l)] +BE (e, (0-1)] + X

(1 + b2

P
toa
[

]
-
>

[

QA + Zbg)

o~
[]

2
(b BA + ZtM(l+bC) + bC(TP+Tw))

>
{

2 2 s
= ’ - +
b Yo + tM bC(TP Tw)tM

%\or n =1 E{téA(l)] = A'téA(O) + B-P'J[CEA(O) + X ]
n=2 E[(t2,(2)]'= AE[tl, ()] + B-E[e,, (D] + X
2 2 A
= A 'tEA(OZ + AB-E(cEA(o)] + AX
+ B‘E[CEA(I)] + X
"no=3 UE[téA(B)] - A'E[téA(Z)] + BE[t, (D] + X
3 2 2
= A -tEA(O) + é B-E[tEA(O)] +.A X
+ AB-E(ty, (1)] + AX

ﬁk" + B-E[cEA(2)1.+ X

118

The mean square value of the timing error as a function of the .

(5-.10)

(5.11)



119

thus , .
T o
2 r 2 n-1 n-1
For n =r E[tm(r)] = A -, (0) + B-nglA Eltg, (r-m) ] + X*nglA (5.12).

The expected value of the timing error after r iterations has been caldulated
(see equation (4.35)) as:

f

E[t_, ()] = (1+bC)rl' [t (0) —;-(T +T ) +:§] +L(’r +T ) —i
EA EA 2P W bC 2P W " bC
* .n~1 .
Thus Z A -E(tEA(r-n)] can be expressed as:
n=1 . A
1 S ¥ n-1 r-n 1 M, ¢ .n-1
(tp, 0 ~ S(T*T) + bc].nzlA S(LC)T T+ [T ) - EE].nzlA-’ . (5.13)

-

The above sums are the sums of the terms of geometric progress and can be

derived as follows: } \\&\_~//”“"

r r r
-1 r-n A" - {(1+bC -
LA 0" = 50T §i+bc§ , —
n=1 . .
. r
. m=~1 A -1 ,
1A T o= »
sl A~ 1
Finally '
2 r 2
E[tp, (0] é% *tz, (0
- t Y r
. 1 My A = (14HC)
+Befeg, (0 = ST+ + 36) T = (T%50)
oLl M AT -1 »
+ (BIS(T, T - $5) + X] 57— (5;14)-u
or ' ‘ A
" 2 2 r 2
Eftg, (1)] = (1+%a,+2b0)"tp, (0) {

- t -
2 : 1 Y
+ [b7B,+26, (1+bC)+C(THHT ) 1 £, (0) = S(TL#T,) + o]
2aA+2bC)r - (1+bC)T

b2aA + bC

(1+b
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+ [[bzsA + 26, (1450) + bC(T'+T )][l(r 1) - g%
) ) (l+b2a o8
+ b v, t ty ~ bC(T +T )t ] 3 (5.15)

b N + 2bC

\

. L 21 -
5.4.1.b Analysis for Region B ;Tw < tp < 2(TP TW)

E{v (n)]
(5.16)
. E[v,(n)] = cyw

Substituting equations (5.16), equation (5.9) yields:

E[t (n)] =E, (n 1){ (n- l)+bzyB+t§+2t (n-l)~éM-2bCTw(tEB(n-1)+cM)}
' 2 2 2
\ = E[tEB(n—l)]+2(tM—bCTw)~E[tEB(n—l)]+b YB+cM—2bCthM

. 2 2 '2 2
for n =1 E[cEB(l)] cEB(o)+2(cM—bcrw)-E[cEB(O)]+b 5+t 2bcrwa

E[céB(l)]+2(tﬁ—bCTw)-E[t (l)]+b Yg +t

n = 2 E[tééZ)] -ZbCT t

M Wi

1

téB(0)+2(tM—bCTw)[E[t (O)]+E[t (1)]]+2(b YB+c -2bCT £ )

E[ EB(2)1+2(cM -bCT ) Elt_ (2) 1+ YB+c2 2bCT e

2 .
n = ? E[CE§3)]

cEB(o)+2(cM—bCTw)[E[tEB(o)]+E[tEB(1)]+E[tEB(2)]
+ 3(b2YB+H§~2bCT t )

for n = r E[th(r)] (0)+2(t -bCT >n£ls[t (njl)}+r(b273+t§—2bCthM)

The expected value of the timing error after n iterations is given by

equation (4.39) as

‘ E[cEB(n)] = cEB(o) -'n(bCTw-tn)
r
Thus the sum } E[t (n—l)] 1s calculated as

n=l
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*®
r . , , T v
] Eltgg(a-1)] = retgg (@) = (BCT~t) | (a-1)
n=1 . ‘ n=1

r(r-1 .
= rtpg(0) - —(2—)' (bCT~ty)
Thus . _ ’ \fgb

2 2 : 2 2.,2
E[tEB(r)] = tEB(O)+3 r(tM—bCTw)tEB(0)+r(r-l)'(tM—bCTw) +r(b B+tM—?bCthM)

(54 . l l
5.4.1.c Analysis for Region C ETW <‘t:E < ZTW .
2 } 2
Efve (n) N=a_ t- (n) + v ,
EC C 'EC C (5.19)
E[vEc(n)] = 2C'tEC(n)
By substituting equations (5.19), equation (5.9) yields
E[t2 (n)]=E {(l+b2a —4bC)-t2 (n-1)+it (1-ébc)c (n-1)+b2Y +£2}
- =YEC tpo(n-1) c EC M EC TeTu -

= A-Blto.(a-D) [4B-E(c_(a-1) ] + X

where A = 1 + bzac - 4bC ‘\:;? - ‘ .
B = ZCM(l—ZbC) . (5.20)
2 2
X bYC+t;M

»

As in equation (5.12) the mean square value-of the timing error after r

iterations is givén as

£(e2 (5] = A%2 (0) + B EA“‘l-E[t (c-n)] + X E Al s
legc( gc!® T B L EC L :

The expected’value of the timing error after r iterations is
obtained from'equation (4.42). Thus;
- t r t.or

r
7 A" lFJICEC(r-n)}. = (£ - £ § A" Nyt 4 Y At
n=1 : n=l n=1
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-

Since [l—2be+ <1 (see eduation’(é.AB)) and an = 4C (5.22)
oo lal = 1+ vPag - ave] =1+ wp%c® - abel =1 - 2ve|?
Thus ] Al <1+ ’

s ‘n—1 -n )
Consequently lim Z A -(l-ZbC)r =0

r+o n=1- ,
r Ll
n—1 1 1
and lim z A o= 1-a

£+ n=1 - 4bC—b?aC

Thus the mean square value after large number of iterations is given as:

’ 2 - 2 by
2 Yot Tae
E(t ()] =
EC 4bC-b?
e OLC
5.4.2 Case I1 Tw < TP < Zva
1 1
P 5.4.2.,a Analysis for Region A ETW < t:E < E{TP+TW)
(see equation (5.15))
5.4.2.b Analysis for Region B l{T -T,) < €t < LT ~
2P W E 2°W
. I
Elv2 (n)],= a -ta(n) + B, E_(n) + 4 5
Vep 4T %gTtgln B ™ T T
iy 1 . (5.24)
, E[vpg(ar] = Cle p(n) +.§(TP~TW)]
Substituting equations (5.24), (5.9) yields ,
2 . 2 ‘ d/’\\‘\\\\
E[tEB(n)] = 4 E[tEB(n 1] f B E[tEB(n-l)] + X R
where A = 1 -+ bzac - 2bC
) .
= + - el - -
B b BC 2tM(l bC) bC(TP TW)T 2 (5.25)
.2 2 :
x—b\(B+:;M bc(TP Tw)t:M
for n = r (see equation (5.12))



~ . 123

i

2 -1 -1
(ElEg(D] = Ar-t §(0) + B X A" Efrg( n=r)} + Xe- 2 A"

ot ) n=1 . .n=1

The expected value of the timing error after r iterations has been cal-

culated in equation (4.46) - . .

T on-1 ~ v, E -1 .(r—n 1
YA -E[CEB(n—r)} = [t (0)+—{TP -T ) c]. 7 A ~(]1-b0) _ta{ -T ) uﬁ__q z AR
,n=1 n::l n-l
(5.26)
Cénsequently
r 2 “M, AT-(1-b0)"
E[tEB(r)] = A tEB(O) + B‘[t (0) + E(TP_TW) - b—'] A—(1-5C).
r .
> o+ [X - B-[%(T -1 - ——]] 4t 1 (5.27)
- . |
or
2 i r 2
E[tEB(r)] f (1+b aB-ZbC) .t E%(O) 1
7 + (628 42t (1-bC)=bC(T.~T.) 1« [to. (0) + L(T ~T ) --51]
g c M P W EB 2V T be
. - - - r
L ‘ (14520 -250) T ~(1-b0) .
) bzuc—bc '
+ [[b2y +t2-bC(T,~T ) ]-[bzé +2t. (1-bC) =bC(T.-T 5] [E(T_~T ) - t“
e (b v ey 2Ty Ty) by CH VS SN
(l+b2ac-2bC)r-l
bzaC—ZbC : (5.28)

. K SR 1. -
‘5.4.2.c Analysis - ‘for Region C,, E{TP Tw) < EE < E{TP Tw)

(see equation (5.23)) ) . ’

5.5 NUMERICAL RESULTS

The number of iterations required for transition from Region A

to Region B and for tramsition from Bégion B to Region C can be calculated
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from the equations given in Section 4.5. The number of itérations required

for convergence to the origin can be also calculated from equation (4.42) by
' L4

t™

having the dependent on the number of iterations term (1—2bC)r[tEC(0) - ESC]

to be 1p§ignifiéant compared with the séeady state tlming error tM/ZbC.

Reéults for different carrier-to—-noise ratios, the timing circuits
constant b, the change in path delay due to satellite motionm ty and the
initial timing error at Region A tp, (0) are given in Tables IV to IX (Case I)

/and X to XV (Case II). It i3 seen that generally gigh CNR and large values
of the timing circuits constant b yield faster synchronization. However,
the total number of itegations required to achieve synchronization (Tables
SVI and XVII (Case 1) and XVIII and XIX (Case ;I) has a minimum value when
bC = .5.

The mean square timing error can be calculated from equations given
in' Section 5.4, the number of iterations calculated previously and the
coefficients Uyps BA’ Yps etc. calculated by the 'simulation.

The ultimate rms timing error (i.e., the rms timin%)error at Region

. ~ -
C after large number of iterations) is given in Table XX and plotted in

Figures 5.21, 5.22, and 5.22a as a function of the timing c¢ircuits constant

b and the normalized carrier-to-noise fatic.(Note that CNRy = CNRp, see

///9ksv'equation 4.14a).

‘
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TABL E IV

\

NUMSZE cF TTEFATTNS SEAU1FE0 TC AGHIZVE SYNGHRANIZATION
IMTTIAL TIMING 2909 &7 FSGION A t;, (0)= 3.2 us -
CHANGE IN"PATH JgLAv OuE “07SATILLI*E MCTION t~ 18 ns

U808 ITRICIRIS.ZIPE] 22, 4 ’

B FI7TRET b 2o i w2 20 e af a3

20 7 9. arx 39 15 19 7 6 5 &4 )

20 / 5. 70022 10 7 5 & & F

20 /10. 43 16 % 5 & 4 3 3
- 30 /15, 3 14 7 S & 3 3 .3

.30 /20. 3113 & 4 4 3 3 2

L0 /25. 3012 6 & 3.3 3 2

Ly /30, 29 12 € & 3 3 3 2

B0, PEIEIALEAS EIWREN For L

N SR LS W ST TR

20 / 0. *kx 185 7 4 4 3 2 2

20 / 5. 25 10 5 3 2 2 1 2 .

20 /14. 18 8 3 3 2 1 1 1

30 /15, 15 7 3 2 t 1 1.1

30 /29, e o6 32 11 1

Lo /25, 1z 6 3 2 2 1 1 1
4 /30, tz2 5 3 2 2 1 1 1

K205, 11504710 8, 25 Iz Fo

R I ST RS S ST RPN I

20 / 9. a%% 71 30 27 19 15 13 10

20 / 5. 9n 31 2E1T 13 9 7 S

20 /10, 7L 41 2113 9 6 & 3

30 /15, 66 36 18 11 & S5 2 &

30 /20. €3 34 17 40 6. & 3 7

w0 /25, 61 33 1619 6 3 4 B8

Lo /%0, 20 32 15 9 < 3 £ 8

(NOTE: *** denotes no convergence with satellit; mo'tiorE)

A
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£
TAEL E V ’
' (case I) .
NUMBER CF ITEEATIONS =a¢uz=so TC ACHIZVE SYNCH°ONIZATION
COIMTIYTAL TIMIAG TRECO AT REGION A (0)= 3.2 us
CHANGS IN PATH ASLAY 2us ¥4 snTELL??E HCTTON = 25 ns
kG OF TTESATIQNS SSAUTS =3 FQo
TRAMSTTIAY F2Ind TIn . A <A SEen, q
CF"U/C"D b —O’]C o"L 02 .? .~ 6'; 0": o?
20 / 0. #xx S5 17 190 8 & S5 5 ,
20 7 5. *xAk 26 11 T 5 4 L 3
20 /10. €6 18 ¢ 6 & & 3 3 ‘
30 /1%, : 46 15 ? 5 4 3 3 -3 ’
30 /729, 40 14 ? 5 4 3 3 2
ug /2%, , 3743 €& & 4 3 3 2
Lo /310, 313 & 4 3 3 = 2 ‘
KO JF ITSEATTONS RTYISII FQo
S2ANGIT A €237y T3 FA pEeAl A
C‘-:U/C\:) ¢ b=-1’_ .l*n? 0" » -~ 0'; 0'-) o~
20 7 0. C o aex 13 7 573 3 "2 1 |,
20 /7 5. *xkx 11 &4 3 3 2 1 2
20 /10, 20 8 4 2 2 1 1 -4
30 /15, t7 7 3 2 1 ¢ 1 4 :
. + N N 4
30 s20, 15 6 3 2 1 1 1 1 :
Lg /s2¢, 14 .6 3 2 1t 1t 4 1
. s i “'\
Lo 730, . t. 5 3 2 2 41 1 1 ‘
‘ MO TOF ITI3ATINuS SZAUTEE~ Foo *‘ L
L TQMMESARET AT FAT -2t ASEn v
CNSU/E"‘-EJ b=.ﬂ: e 1 ‘02 e 3 o .5 P A
20 4 9. _wkx 55 37 25 19 1L 12 19 -
20 7 £, xkx L7 2¢8 17 11 9 7 t
2q /10, ) €9 Y9 20 2 9 6 .4 3
30 /15. 61 34 1811 7 S5 2 5
<30 /29, - %3 3215 9 § & 3 7 .
ug /2%, . 56 31 15 9 5 3 4 8
L0 /X0, €6 30 15 9 5 3 4 g
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N S
N 4
. YARLE VI L Ly
{case I) - :

. NUK3ES OF ITESATIINS CENUIRZD TC ACHIZVE SYNCHRONIZATIONM
TNITTAL TIMINGC SCOAF AT SIZGTON A (0)= 3.0 us i
CHANGE IN PATH JELAY NUE 707 SATELL CEA MCTTON tﬁ.lg ns

b9, 0T IIESATINS. BTV for |
EREU/CLT Y L 2.7 1..2 23 o= .5 o~ &
20 / 0. 128 27 1177 &6 & 4, 3 |
20 / 5. L5 16 8 5 4 3 3- 3
20 710, /12 € 4,3 3 2 2
" 30 /15, 2511 5 4 3. 3 2 2 .
30 /20, 2210 5 & 3 2 2 2
vo /25, 21.9 § 3 3 2.2 2
un: /30, . 21 9 5 3 3.2 .2 2.
10,07 TTENTI0NS ST IR For
CYEU/7NEY) b330 ol #7.038 o5 03 oF 47,
20 / 0. . 45 17 & .5 3 2 2 ¢
.20 / €. ‘25 10 4 3 2 2 1 1
20 710, 18 8 4 3 2 1 2 t |
39’ /715, 156 3 2 2-1 t 1
30 29, °7 14 B 3.1 1 2 1 1
Lo s2%. 1306 3 2 0t 1.1 1
Wn /30, 12 6 2 2 t 1 1 1
. © kD07 TTEaevIgNs esayreey oo
o L CPEU/ONSD hEel™ ol o2 o3 4% o5 on o7
’ 20 7 0. 119 70 3% 2% 20 15 12 19 °
20 Z 5. 89 51 27 18 13 9 7 -5
20 s1m, 7L 61 2013 9 6 L 3
30 /1. .66 36 13 11 7 4 3 S
50 /20, - £3 3% 1719 7 3 & & |
6o /2%, 6133 1510 & 3 S 6
bo. /30, 50 32 16 9 B 3 5 7
N
. A -



TABL E VII

(case 1)

NUN3ER 0F ITEERTIONS SEAUIFS D TC ACHIEVZ SYNCHRINIZATION
TNITIAL FIRMING Z820% &7 RZGIaM Xt (O)= s
EHANGE TN PLTR.JELAY SUf 70 SATZLUEAZ MgFio 6= 25 ns

_ ¥por rTzeszgus ravree Eg;; :
CFEU/CRED B = AE vl 22 3 v2 o5 ALY
20 /. N. X 3412 8 6 5 4 &4
20 / S. 7218 8 5 5 3 3 3
20 710, 3913 & & 3 3 2 2
30 /15, 3011 5 4 3 3 2 2
39 /20. 27 19 5 4 3 2 22
L0 /25, 25 10 5 3 3 2 2 2
L0 /30, | 2610 5 3 3 2 2 2
12,0 11511005 STWEE] P02

U/ eI B =e) . w1 v 7 o3 oo 3 a7 ]
20 / 0. ax 1978 5 3 2 2 1
20 7 €. 3011 5 3 2 2 1 1
20 /10. 20 8 4 3 2 1 2 1

30 /15, .17 ¥7 42 2 101 1|

30 /20, 15 7 3 ‘1 1 2 1 1
Lo /25, 16 5 3 2 1 1 1 %

Lo /30. - t6 6 3 2 1t 1 1 1°

NQ.OELZLTRATEQNE ZENURE) FOC

cnuzﬁta TS LS W TN S N
20 7 0. **% 55 32 24 19 15 12 10
20 / 5. ‘81 48 25 17 12 9 7 5
) 20 /10, - 68 39 2012 ¢ 6 3 3
30 /15, 61 34 17 11 T & -3 S
30 /20, 58 32 16 10 6 3 4 S
Lo /2%, 57 .31 15 9 6 34 5
Le /30, 5530 14 9 & 3 5 7

(NOTE: #%* denotes no convergence with satllite moé&on)

128



129

T ABL E VIII

ce ppeng, Scase 1) - e :
MUM3ER CF ITESATTONS REAUTPIN TC ACHIZVE SYNCHROMTIZATION
IMITIAL TIMZNG 2202 AT R=GIOM & t.,(0)= 2.8 us
CHAMGE IN PATH JELAY CUZ "9 SATSLLI®E MCTIOM tMw 18 ns
. AQ.GE.ITERenIgns zzavpTer sor
CLEU/TRET B 2uf7 w1 v 2 %3 es o5 +2 27
20 / 0, 5219 &8 6 & & I 3
28 / S. - 3012 € & 3 3 2 2
20 /10. 21 9 4 3 3.2 2 2
30 /15, 12 8 & 3 2 2 2 2
30 /70. . 16 7 4 3 2 2 2 2
Lo /2¢. 15 7 & 3 2 2 2 2
Lo /38. 1= 7 4 3 2 2 2 2
' L9, Q5 SIS RS ST wEesy HO7
CIEU/CR= b =a0% o1 o2 ab el T .23
20 / 0. W6 17 % 4 w 2 2 2
20 / . 2510 4 3 2 1 2 1
20 /10, 18 8 4 3 1 2 1 1 |
30 /15. 16 6 3 2 2 1 1 1
30 /20. 14 6 3 2 2 1 1 1
&N /25. 13 6 2 1 2 1 1t 1
Lo s30. 12 5 2.1 1t 1 1t 1
K OEoa 2287 On3 ZEAYLNCD FoR
AR I I R S ST AT Y
20 7.9, 112 "0 38 26 19 15 12 19
20 / 5. Q9 S1 27 17 13 10- 7 S
20 /10. 74 60 2113 9 6 4 3
30 /1S. - BeT 37 1811 7 S5 2 %
30 /20. 62 34 1€ Y0 6 L 3 7
Lo /25. . - 61 32 16 40 5 3 3 8
Lo /3. 60 32 16 10 5 3 &’ 9
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> TABLE IX
(case I) ’
NUM3ER OF ITSPATIONS =EANUTFZOD TC ACHIZIVE SYNCHROKIZATION
IMITIAL T“IMING ZTRE0QC AT REGION A :Eﬁang 2.8 us
CHANGE Th PATH JELAY JUE T-O.SA_ AN MGTICN O 25 ns

19,88 ITETAT S ZEIPER £22. .
FTEUZCFES . b Se0% o1 2 23 o= 33 oF o
20 /7 0. x4%x. 23 3 6 - &4 3 3
20 / <. b2 13 e & -3 3 2 2
20 /18, 26 10 5 3 3 2 2 2
30 /15, 21 8 4 3 .2 2 2 2
30 s20. 8 8 4 3 2 2 2 2
Lo /25. 17 7 & 3 2 2 2 2
Lo /30. 17 7 &« 3 2 2 2 2
89,07 110 igys TWER BOE
FIEJ7CTE N h =l w1 o2 + 5 a5 25 % o7
20 7 0. *%x 49 7 5 4 2 2 2
'20 / 5. 36811 5 3 2 1 2 1

2n /10, 20 3 3 3 1 2 1 1 |

30 /1%, 16 7 3 2 2 1 1 1 |
30 /20. 15 & 3 2 2 1 1 1
Lo /25, 15 6 3 2 2 1 1 1
Lo /30, 1= 6 2 1 1 1 1.1
R EU/FREES B 2, 07 vl w7 v 3 e~ o5 .8 v
20 / . Caax 6T 37 26 1815 12 9
20 / %. 81 47 25 17 12 9 6 5
20 /10. 68 38 20 12 9 & L4 3
.30 /1%, 62 34 17 11, 7 S 2 S
30 /280, €3 32 16 9 & 4 3 7
L0 /25. 56 3115 9° 5 3 3 8
to /30, €5 30 1¢ 9 £ 3 & 9

(NOTE: *** deriotes no convergence x.eit:h satellite motion)-

\
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- | \
T ABL EX
NHUM3ER OF ITERATIOHN g”?feaﬁﬁao TO ACHIEVE SYNCHRONIZATION
INITIAL _TIMING %ﬁao: AT PEGION £ tep(0)= 1.8 us
CHANGE TN PATH JZLAY DUE (TO SATELLIVE MCTION t,= 18 ns
(0 OF ITZSATIONS RIQUIRED FOS
TEAFSTIIAY FEgm_2S3. 4 FH =E5, 3
IS J7CRT T b =o07 o1 o2 +3 ov o5 <% o7
20 / G, aas 38 14 9 6 5 L &4
20 / S. 8220 9 5 4 & 3 3
20 /10. 43 15 7 S5 & 3.3 2
30 /15. 3312 6 4 3 3 2 2
30 /20. 29 11 & 4 3 3 2 2
40 /25S. 27 11 5 4 3 3 2 2
g /30. 26 11 S 4 3 2 2 2
19,08 TTEST3qus FROUEFS) 102
CREJZ7CNTD b =e37 o1 2.8 w= 35 ec <7 1
20 / 0. *#xx 16 & 3 3 2 2 1
20 7/ 5. 28 9 32 2 1 1 1
.20 /10, 18 6 3 1 1 1 1 1
30 /15, 15 & 2 2 t 1 1 1
30 /20, t3 5 2 1 1 1 1 1
Lo s2¢, 13 5 2 1 1 1 1 14
60 /30, t2 4 2 1 1 1t 1 1
CrFJI7CK+d B =eU. o1 ¢C ¢3 o= o5 o€ o1
20 / 0, #xx 71 35 26 20 15 13 10
20 / 5. 69 36 24 16 12 9 7 5
20 /18, B0 27 1312 9 6 & 3 |
30 /15, 55 22 16 11 7 £ 3.'5
30 /20. 53 18 15 10 6 & 4 7
L0 /25. 51 211+« 9 6 3 5 8
‘w0 /30, 50 19 14 9 6 3 5 9
(NOTE: *** denotes no convergence with satellite'mocioh)

t .



NUMSEFR OF ITEFATIO

T A BL E XI

(caSe I11)
MS fEQUIGZD TQ ACHTLVE SYNCHRONIZATION

INITIAL TIKING £3203 AT REGION 4  try(0)= 1.8 us
CHANGE 1N PATH JSLAY CUZ TO SATILLITE MOTION ¢ o 25 ng
NO OF ITEZSATIONS RIQUIPTD FQ2 |
: T525S®15 FEAV S5, 4 TC REG, 8
CREJ/CNE D B 2,37 W1 27 +4.vc o3 oo o7
20 / 0. *** 5615 9 7 5 S5 4
20 / S. ** 25 3 & 5 4 3 3
20 /10, 3217 7 5 4 3 3 2
30 /15. St 14 6 & 3 3 2 2
30 /20, t1 13 6 4 3 3 2 2
| 4o /25. 3812 6 4 3 3 2 2
Ly /30, 3812 5 & 3 3 2 2
10,98 TS Tigns srvises for
AN B T LY WS- AT 4
20 7/ 0O, ¥R 21 7 4 o2 2 11
20 7 5. AMX 40 04 2 1 1 't 1
20 /10. 25 7 3 2 1 1 1 1 |é
30 /15. 18 & 3 2 1 t 1 -1
39 /20. 16 5 2 1 1 1-1 1
40 /25. 14°-5 2 £ 1 1 1 1
‘4D /30. 1t 5 3 1 t 1 1 1
(R AIIITIOS QR0 FoR
CNEUZCRSC b .05 w1 22 o8 oo 23 +s o7
20 / 0. *** 65 37 25 13 15 11 10
20 / 5. M 47 2617 12 9 7 5
20 /10. 50 29 1B 12 B 6 & 3
30 /15. “8 24 16 10 7 L 2 S
30 /20. %6 23 1% 9 B 4 & 7
Lo /25. 5.20 1% 9 6 3 4 8
Lo /30. 44 2113 8 5 3 5 8
(NOTE:

*** denotes no convergence with satellite motion)
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T ABL E XII

. 133

(case II) _
NUMSES OF ITESATIONS SEAUIRID TO ACHIZVE SYNCHRONIZATION
INITIAL TIMILG SRP0F AT CSSGION A  tpa(0)= 1.6 us . :
GHANGE IN PATH JELAY JUZ TO SATZLLITE HCTION =18 ns
12,0E TR Sy corT,
ChrJ/ZCH= D b =,0: ,1 .2 e 3 o= D oC e '
29 7/ 6. *%%k 22 9 B n 4 3 3
20 / 5. 40 13 € & 3 .3 2 2
20 /10. 2510 5 3 3 2 2 2
30 /1%, 20 8 & 32 2 2 2
30 /20. 18 8 4 3 2 2 2 2 |.
L0 /25S. 1T 7.4 3 2 2 2 2
’ L0 /30. 16 7 £ 3 2 2 2 2
L SLAESTMES R fe
ChFJ70S=0 b 2,07 o1 2 % as .3 o5 "
20 /7 0. xxx 17 & 3 3 2 2 1 |°
N 20 / 5. 28 9 4 2 2 1 1 1
20 /10. 18 6 2 2 1 1 t 1
30 /15, 14 6 3 1t 1 1 1
30 /20, 13 5 2 1 1 1 1 1°
40 /25. t2 5 2 1 { 1 t 1
Lo /30, 12 5 2 1 1 1 t 1
Mgl s For
0] -0 7 o 71 B e e B e
20 7 0. *k* 74 39 26 20 15 12 10
20 /7 s. 58 36 24 16 12 9 7 5
20 /10. 60 27 1912 9 6 4 3
-} 30 s15. 56 19 1511 7 5 3 5
30 /20. 52 21 1510 6 & 4 7
40 /25. 511514 9 6 3 5 8
Lo /30. €0 18 1« "9 6 3 5 9

(NOTE: *** denotes no

convergence with satellite motion)

Kl



134

T A8 L £ XIII

. (case II)

NUMBEE OF TTERATIONS XEQUIRZD TO ACHIZVE SYWCHROVIZATION
INITIAL TIMING Z5°Ce AT REGION A4 tpa(0)= 1.6 us
CHARGE IN"PATH JZLAY OUZ TO SATZLLITE MOTION ¢ = 25 ns

9,00 FTERA TGS S0ueEg £
CRIU/ZCRES. b =493 w1 <2 43 o4 o5 45 o~
20 / 0. . %% 31 10 5 353 & 3 3
20 / 5. ' 93315 6 & 3 3 2 2
20 /10, 36 11 5 3 3 2 2 2
30 /15. 26 9 & 3 2 2 2 2
30 /20. 23 8 & 3 2 2 2 2
Lo /25 21 8 & 3 2 2 2 2
L0 /30. 20 8 & 3 2 2 2 2
2,07 UIZALS WIREG fox
CNrJIJCN-D R Zel: 4l o0 o8 o~ o> et ol
20 4 0. Axx 21 & & 2 2 2 1
20 / 5. Sg 10 4 3 2 1 1 1
20 /18. 26 7 3 2 1 1+ 1 1t
30 /15, 19 5 3 2 1 1 1t 1
30 /20. 16 6 2 t 1 1 1 1
40 /25. 15 5 2 1t 1t 1 1
Lo /30 1y 5 2 1 1 1 1 1
CANRJ/Cii-L B =207 1 «f o3 o= o3 oo o7
20 7 0. aak 55 36 25 18 14 12 10
20 / 5. L? 38 2315 11 8 6 &
20 /10, 50 29 1312 8 6 & 3
30 /15. 47 25 1610 7 & 2 S
30 /20, 46 2214 9 6 & L 7
Lo /25. 45 2115 9 6 3 & 8
“0 /30, 43,2113 845 3 5 8 |.

(NOTE: *** denotes no convergence with satellite motion)
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T ABL E XIV SN
(case II)

v

NUMBE & ITEFAT™IONS FEQUTREC TO ACHIZVE SYNCHRONIZATION
ENALEEN TN TRERE 5208 50:"%6 ShrE LR QErtehive 18 ns
19,07, Izparions genopesy roy
CoJ/Ch-T PR PR ST AP IR AT,
20 / 0. 58 13 5 &4 3 2 2 2 ¢
25\) e 24 8 4 3 22 2 1 S~
20 /10, - 16 6 3 2 2 2 1t 1
30 /15. 12 5 3 2 2 1 1 1.
30,720, t1 5 3 2 2 1 t 1
Lo /2¢. 10 5 2 2 ¢t 1 1t 1
W0 /30. 10 &4 2 2 1t 1 1 1
$,5 IR0 ISR f05 o
Tnad7 e B e 0T 1l w2 23 em 25 et ei
20 / 0. 94 16 7 3 2 2 2 1
20 / 5. 2 9 3 2 2 1 1 1
20 /10, 18 6 3 2 1 1 1 1
30 /15.. e 672 11 1 1 1
30 /20. t2 5 2 1 1 t 1 1.
w0 /25. 12 4 3 ¢+ 1 1 1.1
L0 /30. 11 5 2 1 1 1 1 1 'f\\\
" NO OF ITZIEATIONS SIQUICED FOR
COEsGznos T “ne QoI
CNFJ/CNAL B=,05 o1 +2 v3 ot 2746 o7
20 / 0. 57 S7 34 24 18 14 12 10
20 / 5. 69 37 26.16 12 9 7 5
20 /10, 60 27 19 12 9 ‘4 3
30 /15. 55 20 16 11 7 5 3 5
30 /20, . 5315 1510 6 L & 7
Lo /25, 511914 9 & 3 5 8
Lo /30. 51 1 1o 9 6 3 5 9




T A8 L E XV

(case II)

NUMBEF OF ITEFATIONS REQUIRED TO ACHIZIVE
INITIAL TIMING TECCR AT RIGION A tga(0)= 1.4 us
CHALGE IN PATH JZLAY SUT TO SATZLLITE HMOTION

19, 0F ITIBATIRNS 220ursEd F2T
NTI/THET b=e2r ol ¢2 ¢35 4= o3 o2 &7
20 / 0. *kk16 6 4 3 2 2 2
20 7 5. 3, 9 4 3 2z 2 2 1
20 s10. 19 6 3 2 2 2 11
30 /15. 1= 5 3 2 2 1 t 1
30 /20, 13 5 3 2 2 1 1 1
40 /25. 12 5 2 2 2 1 1 1t
“0 /30. 11 5 2 2 1 t 1 1

10,08 JTSFATIONS EEWIEg £02

CrEJ/CNh: 5 B=el: oL o2 23 o2 25 o6 o7
20 / 0. S ARk 22 7 4 3 2 2 1
20 / S. 50 10" + 2 2 1 1 1
20 /10. 26 8 3 2 1 1 t 1
30 /15. 19 6 2-2 1 1 1 1
30 /20. 18 6 2 £ 1 1 Lt 1
Lo /2%, 15 5 3 1 1 1 1 1
Lo /30. 1T 5 3 1 1t 1 1 1
-, RS J7C s 2 B2 0T 0L W7 23 s 25 a5 o7
20 7 0, *k%x 56 37 25 19 15 12 10
20 7 5. 47 38 2315 11 8 €& 5
20 /10. 50 28 16 12 A 6 & 3
30 /15, ©7.25 1610 7 & 2 5
30 s20. %5221 9 B L 4 7
Lo /25, u5 2214 9 6 3 4 8
40 /30. “h 2213 3 5 3 5 8

(NOTE: *** denotes no convergence with satellite motion)

v
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DTAL MJYMPER £ T35 ,
0 ACHIZVE SYICHFONTIZATION . )
CHAMGE T' FATH OELAY OUZ TO SATELLITH yéirqu t,~ 18 na
INITIAL TIMIMG SR20F AT 26CTOYM A cEA«n- 3.2 us
CheJ/Cusn b=,9% (1 02 43 en 35 LR L7
>0 7 0. *k 425 £1 =1 33 24 20 16
20 / ¢, 185 53 41 27 20 15 12 10
2n /19.- - 135 85 37 21 13 s I 7 -
$30 /15, 116 57 25 18 13 9 £ 9
30 /29, 106 53 26 16 11 8 7 10
Lo /25, 103 51 25 16 11 7 R 11
L0 /30. 104 39 26 15 17 7 aQ 11 ‘
CIMITIAL TIMING ©870° 7 276TON £ 't (0)= 3.0 us
CLD/FNER D=.07 .1 .2 3 o= +% € o7
20 7 1. 233116 57 38 23 22 1¢ 15
20 / €. - 152 77 39 26 1@ 1L 11 9 - -
20 /10, 122 51 30 20 14 10 8 6
30 £15. 106 53 26 17 12 8 6 8
30 /20, 99 50 25 15 11 7 7 9
0 /25.° ~-=- 9% ug 2345 10 6 & 9 -
Lo /30, Q3 <7 23 s 10 & ?\pn
IMTTIAL "IMINA T230% 47 QS6I0% A Y., (0)= 2.8 us
CNEY/TRE D b=.0° .1 .2 35 of 45 o% o7
20 /.0, 233106 Su 35 27 21 17 15
20 7/ 5. 145 =3 37 24 18 1& 11 &
20 /10, 113 €7 29 19 13108 7 &
30 /15, 99 51 25 16 11 8 5 8
30 /20, 92 67 2315 10 7 6 10
Lo /25. 39 45 22 14 9 & & 11
N RVALN 87 L4 22 e 9 €& 7 12

(NOTE: *#** denotes no ccnvergence N&:h satellite motion)

R
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T A8 L T XVIr - -
(case I)
TOTAL PUMEEC JF ITISeTINS FEUTRED
TO AfPITvE SyNCHEQRTIZOTIO0N
CHANGZ Ik PATH DELAY DUE TG SATELLITZ ¥OTION gy~ 25 ns
INITIAL TIMING ERI0F AT REGTOM At (0)= 3.2 us
CNPU/CNED b=.7" .1 ¢7 3 oo <% <0 of
20 / 0. x4 138 51 -8 30 23 19 16
20 / 5. **f AL w1 27 19 15 12
20 /10. 153 65 32 20 15 11 3 ~
30 /1850 124 56 23 15 12 ¢ 6 9
30 /20. 11X 52 25 15 11 8 T 18
Lo /2¢. 107 50 26 15 11 7 8 11
TELNALR © 105 WO 2w 15 (n 7 a4y
INITIAL TIMING T370° AT REGICH A tpacO)m 3-0 us
ChNEJ/CRED b =05 21 +2 23 ou <F <F .7
20 / 9. #xx 115 S¢ 37 2¢ 227 1% '15
20 / 5. 183 77 33 25 16 1t 11 9
20 /19, 127 €0 30 19 1< 10 7 6
30 /1%, 108.52 2¢ ¥7 12 8 6 8
3 /20, . 100 «9.24 15 10 7 7 8 .
Lg /25, 96 47 23 L4 1N 6 T 8
LO /%0, . 93 w6 22 13 10 5 @ 19
INITIAL TIMING 23303 w7 22GION &t (0)= 2.8 us
Crcu/Crsn b =207 o1 «7 3 oc = o5 .7
20 7 0. 4117 53 I5 28 21 17 14
20 / <. 183 71 3¢ 2L 17 13 10 &
20 /19, 114 €6 28 18 13 10 T & .
30 /1%, '99 49 24 16 11 & © &
30 /28, 92 46 23 14 10 7 & 10
Lo /2%, 38 4y 22 14 9 6 & 11
Ln /30 86 L3 2113 ¢ & T 12

(NOTE: **f denotes no convergence with satellite motion)



ToTAL nuMags oF 559 hrs ,
PEAUIRED TO ACHIZVE SYNCHI0ONMIZATICH
CHANGE IN PATH DELAY DUE TO SATSLLITE MOTION ty~ 18 ns
INITIAL TIMING £R20F 3T REGION A t ., (0)= 1.8 us
CNEJ/CNED b=29% 1L 22 3 v~ o5 € .7
20 7 Q. 2% 125 58 33 29 22 19 15
20 7 . 173 %5 35 26 {8 14 11 9
20 /10. 121 +8 29 18 14 180 & &
30 /15. 103 40 25 17 11 9 & 8
30 720, 95 34 23 15 10 8 7 10
w0 /25. 91 37 21 1% 10 7 8 i
s /30, 88 3L 21 1u 10 & 8 12
INITIAL TIMING ZRRO® AT REGION A ¢ (0)= 1.6 us
CNEJ/CNE D Bb=0% 1 +7 +3 .- .5 .5 .7
20 7 0. *x% 110 Sy IS 27 21 17 14
20/ 5. 136 58 34 22 17 13 10 8
20 /10. 103 43 26 17 13.9 7 &
30 /1%, 90 33 2315 10 & 6 8 .
30 /20. 85 M 21 14 9 7 7 10
Lo 725. 80 27 2013 9 & 8 11
ug /30. 78 30 2013 9 68 12
INITIAL TIMING ERROR AT REGION A ¢ (0)= 1.4 us
CNRU/ZCNED =92 oL .2 .3 < 38 .3 .7
20 / 0. 209 8b 45 31 23 18 16 13
1 20 7 s. . 118 54 31 21 16 12 10 7 ;
20 /10, 92 39 23 16 12 9 & 5
30 /15. 81 31 21 14 10 7 5 7
30 /20, 76 25 20 43 9 6 €& 9
Lo /25, 73 28 1912 3,5 T 10
o /39, | 72 23 1312 3 5 711

(NOTE: %% c‘ienotes no convergence with satellite motion)
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T ABL £ XIX
(case 1I) '
OTAL NUM3IES OF ITZATIQNMS
£QUIPEC TO ACHIZYZ SYNCHIONIZATION
CHANGE IN PATH CSLAY DUE TO SATSLLITE MOTION ty. 25°ns
INITIAL TIMING ZRROS AT RSGION A ~éu‘0)_1.8 us S
ChRU/CHTD B=o05 o1 o2 o3 4v o8 oF o7 | .
20 7/ 0. #xx 152 59 38 23 22 17 15
20 /7 5. x4 32 3G 25 18 14 11 9
20 /10, 167 53 28 19 13 10 8 6
36 /15. 117 44 25 15 11 8 5 8
30 /20, 183 41 22 14 10 8 10
40 /25. 97 37 22 14 10 7 7 14
oo /30, 9t 39 21 13 a9 7 8 1t |
INITIAL TIMING'ZP20R AT RIGION A ¢ (0)= 1.6 us
CNSUY/CNED BZe07 41 2 43 e 45 on o7
20 / 0. axx 117 52 35 25 20 17 14
20 / 5.° 190 53 33 22 15 12 9 .8
© 20 /10, 110 472517 12 9 7 6,
36 /15. 92 40 23 15 10,7 5 8
30 /20. 85 36 20 13 9 '7 7 10
48 /25, 81 34 2013 '3 6 7 11
40 /30, 79 34 19 12 3 6 & 11
INITIAL “IMING' £RRO0S AT TGION A €o ()= 1.4 vs
CNEU/CHED b=e0- +L 42 43 v 45 45 4
20 / 0. ‘arx 194 50 33 25 19 16 13
20 / S, 131 57 31 20 15 11 9 7 |
20 s10. 93 42 24 15 11 9 6 'S
30./15, 80 36 2114 10 & & 7
30 s20. 75 33 1312 9 6 6 9
Lo /25. ' 72 321912 9 5 & 10
Lo /30, >0 32 1311 7 S5 ~ o

(NOTE: #*** denotes no - convergence with satellite motion)

g



Change in path delay due to satellite motion t

CﬁRU/CNRD
20/6
20/5

' 20/10
30/15
30/20
40/25
40/30

Change in path

CNRy;/ CNRypy

20/0
20/5
20/10
30/15
30/20
40/25
40/30

N

TABLE XX

[4 . M -
Ultimate value of the timing error (in ns) -
(rms timing error at Reg. € after large number of iterations),

b =

37.

i

b =

19.
79.
61.
53.
49.
47.
46,

O ~ LW
~ WO o v W w

.2

.
[£%3

WO W W W

Q3

47.3
26.7
14.5
8.3
4.9
2.5
0.9

~3
89.3
56.8

42.6

36.2.
33.1
31.7
30.9

55
29
17
10
6
3
1

b

.9
.6
.5
.2

»0

.0

2

L

79
48

-

3627

28
25
23
$ 23

.7
N

.3
.3
.9

.2

delay due to satellite

-~

.5

64.0
36.3
20,7
12.2

7.3

3.7
1.4

M

= 0

.6
71.9
39.2
24.1
14.5

8.7
4.5
1.7

A
~

79.
44,
27.
17.
10.

5.

2.

motion EM = 18 ns

w

N
&
LN W0 N W

.6

81.2
46,8
31.2
22.8
18.5
16.4
15.5

Change in path delay due to satellite motion ty = 25 ns

CNRU/CNRD

20/0
20/5
20/10
30/15
30/20
40/25
40/30

b =

162.
108.
84.
73.
68.
65.
64.

3
115.4
75.2
57.5
49.6

- 45.8

43.9 -

< 42.9

ol R N S

.4

'5

89.
54,
39.
31.
28.
26.
25,

NN N W

.6

b
oo
.
[T R R " AT v B

91.
53.
36.
27.

19.
18.

o NN« (S ~ SV o B S O

.7

= n N0 W

.7

~3

s O - N

(us/volr)

«~

(us/volt)

(ns/volt)
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[tge (@) ]rms
in ns

L

pa—
ty, =0
M «P T
. -
¥ .
_+

b = .7 us/volt
b = .6 us/volt
b = .5 pus/vole
b = .4 us/volc —
b = .3 us/volt
b = .2 us/volt

20 —+
- h-4
18 —1—
.l
. . l : — a
0 T lr m { T }[ T I T ] ]
0 - 5 10 15 20 29 30
CNRy in dB .
Fig. 5.21 The rms value of the timing error at Reg. C after large

number of iferations (ultimate value of the timing error)

. vs. CNRy and the timing circuits constant b (ty = 0)
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100 l
90 — ]
18 ns
80 —
i 7d. i -
B0 — |
gc ) Jrms
n ns pus/volt
-
30 —+—
. ] us/volt
30 e — ——
.4," us/volt
A us/volt N
20 \ Us/VOIT
b = .7 pys/volt
IU‘JF“ l -
3
] | * . | | . { i
0 1N ' I} I .l I 1 1 3 | ¥
0] 5 . 10 15 20 25 130 -

. CNRy in dB ,
Fig. 5.22 The rms value of the timing error‘af.Rég. C after large
. 'number of iterations (ultimate value of the timing error)
~ . . vs. CNRy and the timing circuits comstant b (tM = 18 ns)
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LABEL,TERPZZ2,°,0=H]T, =Y y =999, NOCIMGyV¥Sh L2, PZAD/< 214,
“FTN(OPT=2) ' '
LGO. .
2 5-0% £)" CF TECh>n :
; PENGZAW uTh (TNCYT, JYTRYT,2UNCH, TAPE5=IMFUT,T LPE6 =0UTPUT,
gy TAPIT7=ONCY,TL0E D)
DIMENSTICH XT1(200),XT2(20M),YI1(200),YI2{(2n0) .
OIMZINTION YIT71(20M0),X2T2(297),.YIZ1(?)%),YvI72 (2995 "
oIMINTSTICN *?(?ﬂﬂ),Y(lﬂﬂﬂ)z?VEt(?ﬂﬂ),2753(200)175V51(2ﬁ0)
BTYMNSICH X (20N0), ~IVZIZ2(29M) 5, XT2(80),YZVI2(%0)
COMMOr /77 / .LyCI’rZy KSyhT 14472 :
c REAL Ko ) .
C- CHIS PTOLTAM STVULLTIS Tus TG LL SLT (7)) BtIns -
C- TO INTESSATION, THI ZYXIILTIN yALUT, AnD) THF MIAN SAUAZE -
c- VALUZ JF T7¢ TMTTGTA. (Z.S5, THYZ ISS)® /9L TAGST) -
c- TT ALSN CALCULATCES THZ IXCZ7T S YALYS DOF “HE SSROR -
C- VOLTLGI C3ITATY D -F20QM THT “uwInsy -
C- AND APDPICXTMLTES SMAITH CUIWES FRE THE SECOND~C20ES -
C- £9592 ZETECTICMH CTHLCACTIAISTICS . -
c--‘---- ---------- [ W mh G AL D W A SR e An WS wm E e - A o A S o= - A ab e s - - D G A D A A WD WP WD WD = W
NATA TN, T2, N/Ley&,.,2,/ ' -
UA?A h,'\fd,*‘.“/?{lﬂ,??,u‘T/ -
DATL 1T 19X/ 1agteyl o/
G H=iiUmas s 0F TAVOLES FCEMIMG THE SIGNAL S12(T) 232I0R
C C TO INTERZELYT0ON
c TN= TACYT GCATE NyYSpTICN
" TP= FS¥ SYNT RUSST TUSLTTION
G TOTHz SYAC OWINTCOW QUSATINY
C Ci= TOTAL S87H 0OF THI SYNCHINUIZATION LQOAP ~
G Kbo= GAIN 2% THT ILR2UT OGMOLTFIS/ (SL27TH STATION) -
c A= YOLTAGE LEZYZIL QF THT FSK. SYUC 8U=¢ST |
C?=.1 :
Pt=,% -
S°N=S“°'(°’{) N . : .
G C?2yPEN B2PENPRTATL VALUZS CF “+4E UYPLINK LO2P GAINM
c ‘ AHA THE MEAN MOISE BCWZICS  YIEL2IMG THT A30NQVI CNTU/CN®O S
H=ET0Q/5L087 (M) . ’
c T THE STEOCTZE JETHEEM THWD SUCCSSIIVE SAMEBLES -
DT=(TN-TW) /2,
D¥YIi=Tw
MT=Ca2uu
BBRPRRADAL AL b oIS NELLBISE
C CALCULATE TWE SCr»S™auT ¢ . ) .
c C=(2*C1)*>=(TNs) HWHEDE  C(CYND) IS AFUNCTION CF THE
c CARSTZE-TC-LOISE SATTO An D VASIZS FPO4 .1 (FOZ CN==17 D3)
c , TO 1. (FCS VviIdyY wIGH cHRe) .
PI:ACqS('1o) -
CMeO=(C12a)>*2/7(¥as=2=01) /2,
CHU=(7121) 282/ ((2442+8M) /2,
CHOM= (CHEYRCNID) /(T 21)+CNTD) )
IF (CMZ) JATETELY G "1 11010
C=(A+C1)*SOFT (PI)* (EXF (=TNIAN)I*CHYP (LI PN) =1, ) /SNET(CNFNI/ 2.
GO TO 1200 : ‘
11100 C=(C1*A) *(1.-SQRT(OI}/SAT(CNRM) 7 2,)
1700 COoNnTIVUZ .
c4500A40AoaoolL‘J;Al&lil
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B0 5585 L<Sw=1,?
LSW= 1  7C9S2ESP)ulsS TC C2SZ I, 2*TW«TC
LSH= ? CNSCESFENI2S TQ C£S2 1T, THCTP¢2*TH
IF(LSW.EQ,?) TP=3
NT2=7p/2 :
TE(L)==-(TP+TH) /2,
IF (LSEN,EN.2)Y €N 737 101
TE(L+e MR )==(TP-TH)/ 2.
TE(Le22rM)=="4d/2,
TE(L+3aVMY=TH/ 2,
TE(L4L=VM)=(TE="H) /2,
GO "n 112
couTIrUz
TE(1+ tMY=-TUH/2Z, -
TE(L+20 M) == (TE=TUW) /2,
TE(1432M)=(TR-TNY /2,
TE(L+-*MH) =W/ 2,
coMTINUE
NP s AL ANDEE YR ND ALl LA AR B AN 582 ANLBEDBEALADRLAR DAL BSEND LN LNL L
' DO 1NN V=1, MN
IF (4,27,¥”) 50 TC LN«
1€ 1L94.'q 2} CQTH 403 - -
TE(”*1)="f“)*°h/CLJ‘°(”V)
TE(LeMe My =T (b8 VAYH(TD/D, =T WY/TLIAT (MN)
TE(1eMe22MV = "2 (Me 28 v ) +TE/ELOAT (VY
TE(1 44432 uv) o To(MaI0wd) 4 (TS/2, =TW)/ELOAT (MM)
To(L 49462V )STE( s M) +THW/FLNAT (M)
GG Y0 134 .
COMTINUE
TE(Y 4L ) =TC(M) 470/2  JFL QAT (MV)
TE(1+4 M) =TI (e M)+ (TW=TP/2 ) /FLCAT (})
TE(LEME22Mn) 272 (M4 24 04y 4(T2  =THW)/FLCAT (VM)
TE(L+MeIAMM) T (VT2 AM) £ (TH=TD/2,) /FLOAT (VM)
TE(L4MeL oY) =TE (M4 4MM)+7D/2 , /FLOAT(MN)
ONT I
TAL=(TWSTO) /2,4 TE ({4l
TA2= (TR +TUWY /2 4=7T [ {+L2MM)
TRIL=(TUHaTE) /2, +7C (#3200 - - -
T32=T4/2,. = TE(Me3ee))
TOL=TH/ 25 #7C (Me 2% uYy)
TH2="W/2 e ="E (V4 2% M)
TIL=TW/ 2, +TE(en)
TA2=(TH=TD)/2,=TF (44sn)
TEL=(TE R W)/ 2475 (1)
TEI=(TH=TP)/2.~-TF (4)
01\1:-'1. ~ h N
€31=1,
sci=1,.
£91=1,
ecy=1,
“42=1, N
£32=19,
:C?::')D
£A2=1, - - - .
rE2=1,
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D0 -2000 LL=1,5N ‘ .
SCED Th IOSMALTTZCD SAMOLSS (7S50 MTA,MTAMN PNWZO=1) IF GAUSSIAN %CT:
PSR (2) TyT1liy Xx12(T) ¥izt(D) xil2(h, :
YIC(n),vI2(3),vitlzy,vrta iy, =10
IF (£2%(2)) "2001,2992 :
EzyThs 2
CCUT ThUs
go ¥ - - - - --
X= Th=PWLST 1LOISS GCAPENENT
0°Y§'OUAO=£CUCE LATSE CCYCONINT
I TCOECESDINDS T THE WA ESSAUCHOY-DAST OF THE.FSK Syn( Qyasr
TT GBCT9SSEACLE TH THI WR FRIENUENZY-DART OF THE FEK Svn© 3055
03 2
1~ GCEescSeroNA~S  TQ THE yoSLInK AOISS
7 RQEoTipPAYAT  TQ THE AINILTHK H0TSE - -
(SEE Cuadvic 3 ' .
4
MJLTIOLY WIT2 SO TQ ORTAIM GAUSSTAN MOISS SAMPLES
WISH THZ PEQ2ES vITAN PCOWES
D0 222 T=1,* -
XT1 (I)=SPusyTIt (7)
YI1 (I)=<orevyIy () - - - -
XI? (T)=$on=yT2 (7)
Y15 (I)=SorevIs (%)
XTT1(I)=Serny>7q (%)
YIT{(T)=E€evayi?y (¥)
XIT2 (Sy=SoneyIiz2(3)
YIiz (I)=<Sevayitz(?)
coMT INE
E 5 I ON ‘&
CEGION A (TRP=TW) /2 ~TZ ¢ (TP&TW) /2 FO> CASE I.
e TW/2 <TE < (TOaTW) /P =0s £ASE 11,
'DETE?HINQ THE LIMITS hT1,472 FOS FUNS1  (DOWNLINK NOTSE)
iI"1= 1
NT2=07 /K . :
CALL "FUNT1 TR SUSPLY THE APOAY X( ) WITH SIGNAL SA~PLES
FOCM MT1=1 "0 3NT2=2T/H
FUMGCL=KA{CAS™ (NTP*224VI2+22) =3NS (X (P> 22+YTIT24%2))
CALL FUNCL (XT124YI2,XI12yYIT2,0%4X) : _
LOETESHINE TuT CIFFE f71,v 3 #2927 FUNCU  (UPLIMK PLUS OOWNLIMK MOTSS
1Ti=NT2%
HT2= (CT4DTAY) /H ,
SALL SU&Tu =L SUPPLY THE ASRAY X( ) WITH SIGMAL SAVPLES
FoCp. n"1°TQ F -2 --
FUNCG=SNOT ((S25XT1FKE*XT2) 2224 (LY T L4KA>Y D) 42 2)
—EAT (2 e XITLaRE~XTI2)2ad4(rPaN - 1sEaV]TS) 222)
CALL FULCL (XT1,¥31,X72,¥22,XI71,¥201,XT72,y173 1, X) :
pETeamtrc ~ue (Ieicd (7] G537 F557 6028 Tisicral’ B0 NoISE)
NT{=NT231 :
MTZZ(CT+nTAL4NTL2) /M
CALL FUNT? TC 3SUPPLY THE A2RAY X( ) WITH QIG\AL SAMPLES
Fqcy \:71 TC MTD . -
EUNG2=CNST ((T15 04T 24XT1+Ka2XT 2) 2220 (~2+Y T1+KRAYT2) 25 22 )
~SATT (32 XITL+Vi=XII2) %2+ (C2BYTT1rikaavIT5)ss?
CALL SURCZ (XI1,¥I1,X22,923,(121,Y171 XI72,¥YT12, w,X)
DETeeMIr: THE LEnird A1, 575 FAeTraacd T IOBWACTEK foTsE)
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pT;:P*2+1 N
1T2=) o
CALL FUMNTYL T2 SUPPLY THE A2RAY X( ) YWITH SIGMNAL SAMOLES
FSOM NT1 0 Y T2= :
caLlL =yt Ct (XT23yYI24XZT2yYI22,0MH,X)
NOW “HE LAFZLY X () CONTEINES THS SAYPLED SIGWAL S12(T)
INTEGSLTE THT SAMBLEN ITIGNAL S12(TY AND 02 AIN
ITS TMTESTAL vALUE ,
CALL 7T T(4yX,NyZ)
SCA{=S2L 147 :
SRAZ2=SPA24+72»2
£ 5 T 0N R .
RIGINM -2 TUW/?2 <TZ < (TB="W)/?2 FNI rASE 1,
c “~(TP=TH)/2 < TE < TW/2 FQx CAcSE 17,
SEPEAT FONE EIGIGH 8 . )
NT1=1
HT2=0V /K .
ALL FUNCH (XT2,YI2,XTI2,YTI2,'N,X)
F (LS, =", 1) G2 7O 230t
TL=hT 241
HNT2=(DT+77521) /H
CaLL FU*CL (XT1,YI1,XI2,Yr2,XITi,vYIZ1, XII? YI:Z,JN,Y)
NTLi=NT24+1
T2z (CT4+2721+0T2) /Y
CaALL FUrC? (X:i,YIt,X:?,Y:Z,X¢Il,YIIl,X;;Z,YIIZ,HH,X)
MTI=NT24+1 : .
WT2=(T74)7E1+D7240722) /H
CALL FU.’\T-‘ (XflyYII,X:Z,YZ?,XIII YI:’.,XIIZ,YIIZQNN,X)
GC 0 23102 :
CoMTI» U - - - -
BHTE=NT2+1
R¥2=(TT+ DT1)Y/H .
CaLl. FUnC? (XTL YILyXI2,YT2,XIT1,YII14XTITI2,YTI2,"'I,yX)
cCCNTINUE
MTL=NHT2+1
pT2=1
CaL. FUNCH (XT2,YIZ2yXI2I2,YI12,1iNyX) .
CALL ZIMT(Y,X4M,7) - - - - -
S*31=S>~1+7 ) -
SFE32=SEp2+72%22
E G I ON c . :
REGION C «TWH/2 < TF < TY/2 FOR 2AStE Y.
0= “(YP-TH)I/2 <« TE < (TO=-TW)Y/2 FOR CA3SZ 17T,
SEPEAT FNC FEGIOQON C
NTi=1 - -
MT2=DT/H
CALL SuUnCt (XT2,YT2,XIT2,YII2,NN,X)
NTi=NT2+1 .
NTP=(RT+2TC1) /H
CALL FUrC? (XIi,VIi,X'?,VI?,YIIL,VftlyYIIzgYIIZ,hN,X)
NMTi=NT2+1 . .
NT2=(CT4+0ThL+NTT2Y /K
CatL FUr C3 (XIloYIl,xIZ,VIZ,X-'1,Y111,XIIZ;VIIZ,NW,X)-
HY1I=M"2+1
NT2=HN
CALL FU~RCH (XT24YIP,XIZI Z,Y'I g MMy XY
CAlL ZINT (H,X, M, 7)
N\
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SFC1=5°C1+7
Seg2=cs52+47222
FEPSAT FCF EI6I0* D
EG I oK 0 .
PEGICON € =(TB=TN)/2 < T2« =TUH/2 F02 CAS
0 =(TO4TW)/2 < 7E « =TH/2, FO0® CASZ
MT1=1
NT2=0T/H
CALL FUYCL  (YI2,YT2,XIT2,YT12,4N,Y)
IF (LS4.50.1) "GO0 T0 1201
NTL=rT 24
HT2=(Q7+0T01) /H
CELL FUST2 (XT1,YI1,XT2,YI2,XIT1,YI21,XII2, YII2,N%,X)
HTL=NT2+1
PT23(DTHTTRLINTR) s
CALL FUNCI (YIL1iYT1,X72,Y2I2,XII1,YII1,XII2,YIT2,NN,X)
KTL=NT2+1
NT2=(TT4CTC140T2460702) /K
CALL FUMCL (XI1,YI1,XI2,YI2,XTI1,YIT1,XII2,YII2,NN,X)
GO TQ 1202 :
ConrItus
NTL=hT2+1 ‘
NT2= (DT4T1) /M
ALL FUNCR (XT1,YI4,XI2,Y12,XII1,YI11,X1I2Z,YII2,"N,X)
Ti=tiT231 -
T2=M
ALL SURNCL  (XT2,YI2,XTI2,YII2,%N,X)
BLL 21" T (HeX4hy2)
©31=5271+2 :
ROZ2=S5%32+24%2
5 I 9N F .
PEGICM £ “(TP+TW) /2 <TZ « =(I2-TW)/2  FNR TAS
ne ~TH/2 « T2 « =(TP="W)/2 FOX CASE
REOEAT F2° FIGION . E
NTL1=1
NT2=07/H

CALL FUNCT (XT2,YI2,XITI2,YIT2,hb,X) -
NT1=NT2+1 1

NT2=(DT+FTT1) /9 _
CALL FUNC3  (XT1,YI1,XT2,YI2,XIZ1,YTT1,XTIT2,YIT2, \,X)
HTL=NT2+1 : ' :
NT2=(DT+0TE140722) /H°

CALL SUNCL (XT1 YTl yXI2,YI2,X 21 4YTI1,XII2,YTI2,N,X)
MTL=NT2+ 1 Lo »
HY2=p . . i -
CALL FuUrCi (XT2,YT2,XI¥2,Y2I2,4N,X)
CALL 7T9%(4,%,H,2) :

RE=522 147

RE2=S2S24+7222

conTINIE

VE L (MeL 29 ) =SRLL/FL Q87 ()

VI (4+32VYM) =381 /F L QAT (1) *

VI (#2220 1/ FL 247 (M)

VEL (N4 vM)=8281/60 327 (N1

Va1 () =IET{/FLCAT (M)

VED (MecaMMy =3 2/700CaT (1)

VE2 (4320 uy=Cpap/r QAT (N)
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¢
)
EVE2 (424 )=SEC2/F_CAT (M)
EVZ2(¥+  MM)=SCST/F_QLT(F)
- EVz2 (1) =ITT2/E.087 (M)
1900 CONTTHYE
. NOW THE/ ATZAVS ZYZL( ) AYD EYE2( ) CONTAIN THE I¥YPIC
VALYE (FTS3T 233 -8€20onT MQMENTS) AF THE 2320% YQLTAG
» THE_£2S8Y T ) TQNTAINS THE CCRASSOOMDING VALUSS
QF THE TTur{e c£Tipge )
;Stl‘an;¢;;¢.c4no;:‘& A2D 4002 A20000040U0840addeihsdd
N A N I XYY 3:t2:¢ss?§? K;S
cu =v =z FTTTIOONG
0 50NN-X=1,2
Lo #5011 I=1,‘“
KK=u®(K=1)2MMsT
XTE( Ty="2(vwv)
6001 YSVZI2(T )=ZYZ2(¥X) -
CELL MUALCST (A7IZ,YIVZ2,%M,ALPHA,3E74,5140))
nQ ANN2 T=y,wv :
KK:_“.(\/\-l)IL’.L"T .
65002 ASVI2(KY)=ZPHA®TE (KK)*TZ (KK)+3ETA*TE (KK) +GANMA
&np0 COMTI'UZ |
IF (LSH.EQ,2) 5C 70 6222
DR 5190 K=1,3,2
N S.Q=OOq - - e
nNo ~A111 I=1,Mv
KK=L> ¥ T ‘
B101 SS=3S+Z Y2 (K¥)
GAMMA=SS/FLCAT (MM) \
WEITE (6,7M7)CauvA :
00 &1n2 F=1,nu ‘
KK=K+wus T
B1N2 ATYZ2(KK)=GAaMMA - - - s SRR
6100 CoMTINUE -
GO TH A111
6222 COYTIHhUZ
A0 5200 %=1,3,2
00 2291 T=t,mv
KK=K4vMe T
XTE(T y=7e(KX)
6201 YSVI2(T )=7yr2(kx) - o - - -
CALL NUALTY (XTE,YZIVE2, 4, 4L FHA, 85 TA,GAMKA)
00 2292 I=1,Hv . . -
KK=rs~umeT )
6202 ATVIZ(KK)=ALPYA*TE(KK)*TE (KK) ¢RSTA*TE (KK) +GAMMA
6200 COT Inuz . )
511 CONTINLUZD
Q0 8535 T=14MM
X~ TYSTE(Pasue] T
66E YEVI2( TYSEVT2(2+p+T)
LALL PARLTN (XTE,VYIyZ2,MM ALFHA, GAMYA)Y
00 Hhen T=1,.MY A
BEEE AEVZIZ2(P24%V4T) A1 0ULATC(DavuaT) 222462y .
THZ AZCaY 25yZ2( ) TOALTIINS "HI VALUTS 0F THE
FITTE0 CUSYES FA2 THE w24y SAUBSS (SZCOKD MOMENT)
QF TME TCESO8 YNLT AGE
“““‘“f“‘*S?S’?S’?"S%f » -
»



C
C
c
c

‘4‘¥&4‘l&‘l‘l&o‘lll
CALCULATZ "HTZ THENICTICAL IXPECTED VALUT
0F THZ. ESS(S YCOLTASE
(SEE ChazTZc L)
. IF (LSY.EN.2) GO "0 1111
GO "0 2222
1111 CONTINUYS
00 111 M=1,m¥
TEVZ1(M Y==C*®(TZ (M Y+ (TP+TUY /2.)
TEYZ1(Me MUYz COH(7I(4e MMY<(TE-TH) /2,)
TEVC L(M+22MM) 2, 2C4T T (M+24MY)
TEMZL(M43¥2V ) C*(TZ(Me3=M) #(T2="HW) /2,)
TEVZ | (M+L*UN) =aC* (T2 (MeL*MM) = (TI+TH) /2,)
111 CCoMNTINUE
GO "n 333 - -
2222 COMNTINUE
D0 110 M=q,um
TEVI1 (v Y==C= (T (™ Y+(TP+TWY /2,)
TEYEL (Me  Mu)zof2=y
TEVZ 1 (Me2aMM)y =2, 20475 (M424MN)
TE\,,:l(u¢_'§-uu)= Cx’w < .
TEVZ L (M442M8Y) =02 (T (M4L2MM) =(TP+TW) /2,)
119 coNiTwus : _
3333 COMTINIE '
£ B8 s AL Srssssnan
5855 CCNTINUE
ST,
£r9

cChToT

J29
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SX4 =00
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CHAPTER 6

**SUMMARY AND RECOMMENDATIONS

6.1 SUMMARY

N
I

The fine synchronization of an earth station to the switching
sequence of an SDMA/SS-TDMA satellite system using non-coherent FSK
was studied. . N

.Detailed‘analysis af the synchronization loop was provided.
It was sh?wn that the timing error between the earth station and satel-
lite time baseg, defined by the sync—window\modulation on-boa?d the
satellite can be inteypreted as an error voltage obtained at the re-
ceivgr.‘ Theirelation between the error voltage and the timing error

{
(error detection characteristic) was derived. “

AN

The first—order statiséicé of the error voltage in a noisy en-
vironment were evalu;ted, and the ratio of the expected value of the
.error yolﬁage-to‘its noise-free value was given as a function of the
uplink‘aﬁa downilink carrier—to-noise ratios.

-

The timing analysis-shoﬁed that the timing circuits can always

provide a reduction in the timing error after each transmission, thus

the‘ayerage timing error can be réduc;h to zero (assuming stationary
satellite) and exact synchronization can be achieved. . .
1t was ghodn that the pgrforﬁance of the synchronization loop
dépendé on boéh the carrier—;o—noiée ratio and the timing circuits
constant. The nuﬁbe? of itergtions required to achieve synchronization

was calculated a§_a function of the timing circuits counstant and the

carrier~to-noise ratio- : -
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A computer program was developed to simulate and integrate the
detected signal. Agreement with theo}y was demonstrated. The compﬁtef
si;ulation program also provided the second-order statistics of the
error voltage. Finally, with the aid of the second-order error deféc—

tion characteristic, the mean square value of the timing error was

evaluated.

6.2 RECOMMENDATIONS FOR FURTHER STUDY ¥

Optimization of the parameters of the synchronization loop such
as sync—window duration, sync-pulse dufation, timing-circuit con;tant 80 a8
to yield fast and'accufate synchronization should be carried out.
.'Faster synchronization can be achieved if a microprocessor is
employed: 1if the values of the error:voltage of two or moré successive ’

« iterations are known, the timing error between éhe satellite and: earth
station time bases can be calculated by the microprocessor being p£o4 \““
~ perly programmed. Then, by shifting the earth station time base by

this amount, synchronization is completed.
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