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ADDITIONAL EXPZRIMENTAL RESULTS
RELEVANT TO TDMA-SYSTEM SYNCHRONIZATION

I. INTRODUCTION

Methods for instrumenting time division multiple access (TDMA)
satellite communications systems have been investigated extensively
at The Ohio State University ElectroScience Laboratory since 1965. As
a result of this work, a basis for designing practical and effective
TDMA systems has been established whici includes both analytical and
experimental results. System concepts, synchronization techniques, and
associated design information were documented previousiy[1]-[8]. The
purposes of the present report are to describe a second-generation
experimental synchronizer instrumented to provide additional experimental

data which augment the results reported previously.

In the new synchronizer, two coupled sampled-data delay lock
Toops (SDDLLs) are employed to provide the required receive and trans-
mit timing information as in the original equipment. One loop -~ the
clock loop -- tracks the arrival time of a pulsed-envelope network clock
signal (NCS); the second loop -- the ranging loop -- controls the trans-
mit time base so that the transmitted pulses arrive at the satellite in
the assigned time intervals (slots). Design changes were incorporated
into the second-generation synchronizer to permit the usefulness of
several concept refinements and alternative instrumentation approaches
to be determined. The time base correction subsystems nuw contain
digital circuits only rather than a comtination of analog and digital
circuits, and a capability is provided for introducing the clock loop
corrections into the ranging loop in an inverted sense on an open-
loop basis. The open-loop correction or "cross-strapping" operation
reduces the amount by which the synchrenization error accumulates




between ranging loop (transmit time base) correction instants due to
relative motion between the terminal and the satellite[2],[5]. Also,
the automatic gain control (AGC) technique described in reference [1]
has been incorporated into the new synchronizer. A more complete
description of circuit modifications is given in Section II; the
additional experimental results obtained are presented in Section III,

In addition to determining the in-lock perfoymance of the
synchronizer, metheds for acquiring lock in both the clock and ranging
loops have been investigated. For the closk Toop to acquire properly,
the network clock signal must be separable from the ranging, linking,
and data carrying (pulsed) signals which are also present on the down-
link. An estimate of the terminal to satellite range at the time of
acquisition must either be available or provided by a separate subsystem
to avoid an excessively long ranging-loop acquisition time and to minimize
interference caused by the transmitted waveform before proper timing has
been established. Methods for acquiring lock are described in Section
IV. The results are summarized and conclusions drawn in Section V,

IT. DESCRIPTION OF THE EXPERIMENTAL SYNCHRUNIZER

A block diagram of the experimental synchronizer is shown in
Fig. 1. Subassemblies which would have to be added to the synchronizer
to instrument an operatinnal TDMA modem are indicated by blocks drawn
with dashed lines. The clock tracking Toop synchronizes the time base
of a continuous, locaily-generated clock with the time base of a pulsed-
envelope network clock signal (NCS) received on the down-link. A
pseudo-noise (PN) code is used tg biphase modulate the NCS during its
on time. The code has a length M equal tn 2"-1 where n is the number
of shift register stages used to instrument the code generator, and the
duraticn of each code symbol (chip), A, equals the inverse of the rate
at which the code generatcr is clocked: f;]. The duration of each pulse
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in the NCS equals the period of the code, Ma, and the envelope of the
NCS has a period equal to KMA where K is a positive integer greater than

one. The values assigned to several waveform and circuit parameters in
the experimental werk are given in Table I.

TABLE 1
PARAMETERS OF THE EXPERIMENTAL SYNCHRONIZER
Parameter Notation Value
Shift register length n 7
Nunber of chips per code period M= 2" 127
System oscillator frequency fso 19.5 MHz
Counter modulus Nd 40
Nominal clocking frequency fc = f',T.O/Nd 487.5 KHz
Chip width A= fE = 2,05 ps
Maximum quantization error eqmax = A/Nd 51 ns
Code period Ma 2671 us
Number of code periods per frame K 40
Frame length Tf = KMa 10.43 ms
Bandwidth of loop correlator filters Bis 5 KHz (3 dB)
14 K4z (60 dB)

Pre-mixer bandwidth Brr 6 MHz (3 dB)
Center frequency of pre-mixer signal f = wr/Zn 30 MHz
Center frequency of post-mixer signal f} = w]/Zn 10 MHz

A code having the same structure and essentially the same symbol
duration as the code used to modulate the NCS is generated locally in
the clock tracking loop. An estimate of the timing error between the
time bases of the locally-generated code (clock) and the NCS is
obtained by using intermediate frequency (IF) correlation processing
circuits.* Two bandpass correlators were instrumented by 1) biphase

*The processing technique is similar to one investigated by Gi11[9]
in his study of conventional delay-lock loops.




switching the amplified input ¢ignal with two local codes displaced

in time by A seconds, 2) mixing the phase-switched signals with a CW
40 MHz local oscillator (LO) signal, and 3) bandpass filtering and
amplifying the components of the mixer outputs having spectra centered
on 10 MHz. The filter bandwidths are approximately equal to 1.37/Ma Hz
(see Table I). In the correlation processor instrumented previously,
the time-displaced local codes were used to biphase modulate a CW

LO signal and the input’signal was mixed with the two phase modulated
LO signals. The two processor contigurations are functionally
equivalent. An increased circuit ¢ain and an improvement in dynamic
range resulted on biphase switchins the input signal rather than the
LO signal due to the characteristics of the active biphase switches
employed.

The bandpass amplifier outputs are processed by "linear" envelope
detectors. Detectors having a dynamic range greater than 40 dB were
instrumented using the technique illustrated in Fig. 2. Full-wave
rectification is provided by switchiing the sign of the input signal in
synchronism with the signal zero crossings. The hard limiter essentially
se-sgs the zero cyossings and the sign inversions are performed by
ri phase switch (synchronous detector). Low pass filters are used to
rliminate componeits of the phase switch outputs having spectra centered
on integer multiples of 10 MHz. A difference output is generated by
subtracting the envelope detector outputs (see Fig. 1). Since the input-
signal is pulsed, the difference output is a train of video pulses plus
noise rather than a continuous signal plus noise as in a conventional
delay lock loop. These pulses are samb]ed at appropriate instants in
time, ts, to provide a difference output ec(ts,ec) where €, represents
the amount by which the receive clock is in error. The mean value of
the sampled error voltage, E{ec(ts,ec)}, is proportional to € (the
clock loop timing error) when |ec| is less than a/2.*

*Square-law envelope detectors can also be employed in the correlation
urocessor to provide a linear eyror characteristic for lecl<a/2. How-
evor, their use in TDMA modems is not recommended.
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The mean value of the sampled error voltage is also proportional
to signal amplitude when "linear" envelope detectors are employed in
the correlation processor. A forward acting automatic gain control
(FAAGC) circuit is used to prevent signal ampliiude fluctuations from
having a significant effect on clock loop gain. A block diagram of the
FAAGC circuit and sampled error voltage versus timing error characteris-
tics appropriate for describing its operation are shown in Fig. 3. As

E E{ec“s. Ec)} E{eCs(Ir ) ec)}
1 /T‘7\‘ Ki A/a
5 A 4 ecst
3 -3 I
-Zl_- \ {L |

2

NID‘\

D eg 3D &
2

(a) (b)
E{x}/s{v} 2
E{ecn( ts, € )}
eesltss ec) [ AVE. Ng I“~
™| SAMPLES _qw‘”—m_% €cs, i
(te, ) b/ + E |
clts, €c) 1 AVE, N, X/ 2 2 R -
Y P~ S T T T _
SAMPLES ¥ Y el terce) % €cp .%A_ €.
(c) (d)

Fig. 3. Sampled voltage versus timing offset characteristics
when FAAGC is employed.




indicated in this figure, an estimate of the signal amplitude is obtained
by sampling the sum of the envelope detector outputs. The mean value of

this sampled sum, E{ecs(t ,£.)}, is proportional to the signal amplitude

and independent of e whez |§c|<A/2. In one of several selectable modes
of operation, error voltage ec(ts,cc) is divided by sampled sum voltage
ecs(ts,cc) when the Tatter voltage exceeds a threshold level, eqq 3
otherwise, ec(ts,ec) is divided by ecst- For this mode, the number of
error voltage and sum voltage samples "averaged" -- parameters N, and
Ncs’ respectively (see Fig. 1) -- equal cne. In the experimental synch-
ronizer, an analog module is used to perform the division. The divider
is accurate to within 2% over a 30 dB range of signal level variation.
Means are provided for adjusting threshold voltage ecst and the FAAGC
circu’t can be disabled if desired. In a second mode of operation, four
consequtive error voltage samples are averaged (Nc=4) using an integrate/
hold/reset module, and the average error voltage is divided by the most
recent sample of the sum signal (NCS=1) to obtain each processed error
voltage sample. The option of averaging both the difference (error) and
sum signals over four consecutive samples (NC=NCS=4) and dividing the
average error signal by the average sum signal to obtain a processed
error voltage sample is also provided. Each processed error v.ltage
sample is applied to the control signal generator's input during an
appropriate time interval by the analog multiplexer. One discrete
correction is made to the time base of the receive ciock for each clock
pulse processed when Nc equals one, or for each set of four consequtive
clock pulses processed when NC equals four. A description of the
control signal generator and the time base correction circuit will

be given following 3 brief description of the ranging loop.

The ranging loop controls the time base of the transmit clock
(see Fig. 1) and operates essentially the same as the clock loop. It
is assumed that each user terminal i; assigned cne time slot in each
frame of the TDMA signaling format for the exclusive purpose of main-
taining proper transmitter timing, i.¢., for range tracking purposes.
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To simplify the discussion, it is also assumed that the duration of the
ranging slots equals Ma -- the width of the network clock pulses -- and
that all other slots span an integer number of intervals Ma seconds
Tong. Now, the pulses processed by the ranging loop at a terminal --
the ranging pulses -- originate at that terminal. They are generated
in synchronism with the continuous transmit clock and are aliso biphase
modulated by a PN code. Each ranging pulse is received on the down-link
one round-trip propagation time after its transmission. The difference
between its arrival time and its assigned time of arrival in the time
base of the NCS is designated as the ranging-loop error, € e This error
cannot be estimated directly at the receiver since exact knowledge of
the NCS's time base is n¢t available and the clock and ranging pulses
occupy different time slots. However, the error in rarging pulse
arrival time relative to the locked receive clock, €p/c? can be
estimated. Of course, this indirect approach to error estimation
results in a transfer of timing error in the clock loop to the ranging
loop. A second correlation processor could be employed to provide an
estimate of €p/c? or the correlation processor can be time shared
between the clock and ranging loops if the clock and ranging pulses

have the same duration; the processor is time shared in the experimental
synchronizer. As in the clock loop, the error voltage samples,
er/c(ts’er/c)’ can be averaged and normalized -- or, alternatively,
normalized and averaged -- and the processed error voltage samples

then applied to the analog multiplexer. Error sample processing was

not employed in the ranging loop of the experinmental synchronizer since
the effects of averaging and controlling the gain automatically in the
ranging loop can be predicted by extrapolating the results obtained

from the clock Toop experiments.

Far the range tracking loop to be stable, the transmit time
base must not be corrected following the transmission of a ranging
pulse (or set of pulses if the error samples are averaged in the




ranging loop) until after that pulse (or set of pulses) has been pro-
cessed at the receiver. Consequently, the minimum allowable spacing
between ranging pulses is slightly greater than the maximum round-

trip delay time. In the experimental synchronizer, the envelope of the
ranging pulses processed has a period equal to twenty-eight times the
period of the NCS's envelope: 28 KMA or 0.292 sec. That is, twenty-
eight subframes of length KMA are contained in each frame of the
signaling format.

During acquisition of lock in the clock loop, the NCS must
be distinguishable from all other pulsed signals occupying the TDMA
format if the acquisition circuitry is to operate properly. Two
approaches to providing the separability required were described
previously[1]. In the experimental synchronizer, the codes used to
modulate the network clock and ranging pulses have the same structure.
For this case, the carrier frequencies of the NCS and the ranging
signals must differ if the clock pulses are to be uniquely identifiable.
Consequertly, if the correlation processor is to be time shared, the
frequency of the LO signal generated within an operational synchronizer
must be switched between two values. Since switching LO signals does
not present any fundanental problems, and since the experiments could be
conducted with the carrier frequencies of the NCS and ranging signal
being essentially equal, the circuits required to switch LO signals were
not incorporated in the experimental synchronizer. The need for LO
switching can be eliminated while retaining the desirable features of
time sharing the correlation processor by using different codes having
equal periods to generate the network clock and ranging signals. Of
course, a second code generator must be instrumented for this case and
code multiplexing circuits provided, or the configuration of the feedback
circuit in the code generator must be selected from two alternative con-
figurations in a cyclic sequence. More complete descriptions of alterna-
tive circuit configurations and discussions of their advantages and
Timitations are contained in reference [1].

1G
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Block diagrams of the control signal generator and the time

é base correction circuits are shown in Fig. 4. These circuits are

: collectively called the time base control subsystem. They generate
waveforms for clocking the clock and ranging loop code generators and
correct the time bases of these waveforms (clocks) by amounts (nominally)
proportional to the appropriate time-multiplexed filtered error voltage
samples. All timing corrections are initiated by a low to high state
transition of the convert command. The states of the sample identifi-
cation (SI) and cross strap (CS) control signals determine the time

3 base (or time bases when clock to ranging loop cross strapping is
employed) to be corrected. A detailed discussion of the control signal
generator will be deferred until after the technique used to correct

é the time bases has been described.

As can be seen from Fig. 4, the clock and ranging loop time
base correction circuits and the basic notation used to represent the
i devices and waveforms in these circuits are identical. Subscripts
c and r are used to designate devices and waveforms in the clock and
; ranging loops, respectively. For brevity, these subscripts will not
e utilized in the remainder of this paragraph since the discussion
applies to both time base correction circuits. Now, clocking waveform
C is generated by performing appropriate logical operations on wave-
forms c,, q;, and q, (see Fig. 4). The period of C equals 4-(2f )"
; -- 102.4 nsec. in the experimental synchronizer -- irrespective of the
3 states assumed by control signals q, and q - Thus, a control cycle
having a duration of 4-(2fs0)'] seconds can be defined and circuit
operation described by considering how the states of A and I affect
the shape of waveform C in each control cycle. Waveforms app.opriate to

, the discussion are given in Fig. 5. Between time base corrections,

' Ay and q;, are in the high and low states, respectively (qaqb equals

; 10) . and waveform C contains two pulses per control cycle spaced

. uniformly by f;l seconds. When 9,95 equals 01, waveform c contains

T
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Fig. 5. Waveforms in the time base control subsystem.
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only one pulse per control cycle. As a result, the time base of the
code generator clocking signal is retarded by f;l seconds -- 51.2 nsec
in the experiment -- per control cycle as long as 9,9 equals 01, ¥nen
q,9, equals 11, waveform C contains three pulses per control cycle

and the time base is advanced by f;l seconds multiplied by the number
of control cycles over which q,95 equals 11. The time required to ad-
vance or retard the time base by n - f'] sec where n is a positive inte-

-1 o)
ger equals 2n - fso‘

Immediately prior to a cbntro] cycle, signals a and b are clocked
into flip flops Qa and Qb, respectively, by the pulse in waveform ¢
which precedes the cycle. Thus, the states of 959 and a b are the
same immediately after the flip flops are Toaded. The two sets of
a and b signals assume states determined by control signals SI, CS, S,
and Z (see Fig. 4). Zero-sense signal Z is high when the six-bit
down counter contains all zeros and both acbc and arbr assume the state
10, i.e., time base cnrrections are inhibited when Z is high. Each
time Z+o is low (where + designates the logical OR operation), at
least one time base is incremented by f;l seconds. Since the down
counter is clocked by waveform ¢, a timing correction having a magni-
tude n f;l will follow loading of the counter by the binary equivalent
of n. Now, as previously stated, a time base correction is initiated
by a low-state to high-state transition of the convert command at the
analog to digital (A/D) converter's control input. When conversion is
initiated, the absolute value of the filtered error voltage sample
present at the input to the control signal generator is digitized by
the A/D converter. After the conversion is completed, the end of
conversion (EOC) signal changes state and the binary word at the
converter's output is loaded as the initial count in the down-counter
at an appropriate instant (see Fig. 4). This drrangement forces the
magnitude of the ‘time base correction(s) to be (nominally) proportional
to the magnitude of the processed error voltage sample.

14
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The sign of each processed error voltage sample is sensed to
generate a sign signal, S; the state of S is high when the error
voltage is positive and is low otherwise. Cross strap signal CS is
high when open-loop ranging loop corrections are to be made which have
the same magnitude as the clock loop corrections but a reversed sense;
otherwise, CS is low. Lastly, sample ideuntification signal SI is hign
when the error sample has been obtained by processing the NCS and is
Tow when a ranging pulse has been processed to obtain the sample.

The desired states of acbc and arbr for the various states of CS, SI,
S, and Z are listed in Table II. Note that the receive clock is

TABLE 11
CONTROL WAVEFORM STATES
Function Zi1SI|CS!S acbc arbr

Inhibit timing corrections 1]=--|--1{- 1|10 10
Advance receive clock only o140 11 M 10
Delay receive clock only 0|10 J0 |01 10
Advance receive clock and delay transmit clock | O]1 |1 |1 | 1] 01
Delay receive clock and advance transmit clock |01 |1 (0 {01 11
Advance transmit clock only 0[O0} --]0 1|10 11
Delay transmit clock only 0(0 ¢ --11 110 01

advanced when the error voltage sample is positive, i.e., when S equals
1; otherwise, the clock loop would be unstable. In contrast, a
positive ranging loop error voltage sample causes the transmit time
base to be retarded. This inversion of the correction sense is
required because the time bases of the codes at the two local-code
inputs to the correlation processor are corvected following processing
of the NCS, whereas the time base of the signal input to the processor
is corrected (after an interval of time greater than the round-trip
propagation delay has elapsed) and the local code time bases held

15
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fixed following ranging pulse processing. The logical operations
performed on CS, SI, S, and Z to generate the required acbc and arbr
states are described mathematically in Fig. 4.

Schottky-clamped TTL circuits were employed to instrument
most of the time base control subsystem. The selection of this logic
family was dictated by the rate at which the circuits used to generate
and process waveforms C1s Cs Gy and 95 must operate. In addition,
the circuit delays must be sufficiently small so that the a and b
waveforms assume the desired states within approximately 80 nsec fol-
lowing loading of the down counter. The allowable delay time can be
increased to permit the use of slower-speed Togic circuits in the
control signal generator by clocking the down-counter at a rate
fso/(2k) where k is a positive integer greater than one, i.e., by
reducing the clocking rate by a factor k. Correspondingly, the
circuits used to generate 9 and q from a and b would have to be
changed; otherwise, the number of pulses effectively added to or
deleted from waveform C would be k times larger than the desired
number.

As evident from the sampled error voltage versus timing error
characteristic shewn in Fig. 3, the timing error in the clock loop
must be less than 3a/2 seconds befure the clock Toop will respond to
reduce the error to a small vaiue. The search and acquisition circuits
instrumented previously were emplcyed in the second-generation syn-
chronizer.* These circuits are described in references [2] and [5].

To acquire lock, the receive (clock loop) time base is incremented

in 4/2 second steps each KMa seconds. The envelope detected output

of a third IF correlator is compared with a threshold veltage at
appropriate instants to determine when the timing error is sufficiently

*The original timing control circuits (see Fig. 1) were also incor-
porated into the new unit.
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small for the loop to respond properly. In subsequent designs, it is
recommended that the sampled sum output of the correlation processor
be used to generate a lock/loss-of-lock signal as indicated in Fig. 1.
Using this approach, the time base can be indexed in A second steps
and a third IF correlator is not needed. Experimental observations
regarding clock loop acquisition are discussed in Section IV; more
complete discussions of altemative acquisition algorithms are con-
tained in reference [1].

Acquisition of proper transmitter timing must be accomplished
after the clock loop is Tocked. In rost applications, ranging loop
acquisition will proceed in two steps. First, a coarse estimate of
the round trip delay time is obtained using a separate subsystem.
This estimate is used to set the transmit clock. The residual error
can then be reduced to a small value by incrementing the time base in
A second steps. Circuits constructed to determine the feasibility of
using frequency-swept signals to obtain a coarse estimate of the
round trip delay time are described in Section IV,

III. CLOSED-LOOP TIMING ERROR DATA

A. Introduction

Bench tests were conducted to determine the effects of wide-
band Gaussian noise, carrier frequency offszt, and a constant rate
of change in the delay experienced by the received network clock
signal on the tracking accuracy of the experimental synchronizer.
The basic objectives of the tests were 1) to verify proper operation
of the control loops when the FAAGC and clock to ranging loop cross
strapping subsystems are disabled, 2) to determine how tche perfoimance
of the FAAGC circuit is affected by error in the signal amplitude esti-
mate caused by noise, and 3) to establish the applicability of the
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two-Toop model employed previously[2],[5] in analyzing the effect of
clork to ranging loop cross strapping on synchronizer performance.
Results obtained from the bench tests are presented and compared with
available theoretical results in this section. The tests were conducted
in essentially the same manner as the previous tests and the same
peripheral test instruments were employed. Since these aspects of

the work have already been documented[2],[5], they will be considered
only briefly in the present report.

B. Clock Loop Performance

It has been shown analytically[2],[5] that the standard deviation
of the clock loop timing error due to noise divided by the chip length
is given approximately oy

1/2
0 e ()

where

)-1/2

o/

Z
0

AC ~ the gain of the clock tracking loop, 0<AC<2,
NC ~ the number of error voltage samples averaged to
obtain a filtered error voltage sample,
EC ~ the energy in each pulse of the network clock sigral
at the synchronizer's input, and
Nco ~ the single-sided power spectrai density of the
(Gaussian) input noise voltage during intervals
occupied by the network clock pulses.

This result was derived subject to the assumptions that 1) the magni-
tude of the timing error seldom exceeds a/2 seconds, 2) the bandpass
filters in the correlation processor have ideal rectangular passbands
of width 1.37/Ma Hertz, 3) the quantization error introduced by the
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time base control’ circuit is negligibly small, and 4) FAAGC is not
incorporated in the loop, i.e., the loop gain was assumed to be
constant.

Plots of Eq. (1) for N, equal to one and four and A. equal to
one are shown in Fig. 6 along with experimental data points obtained
while operating the synchronizer with the FAAGC circuit disabled. In
the experiment, the loop gain was first set equal to two by adjusting
the signal level to the smallest value which resulted in an oscillatory
Toop response. The signal amplitude was then reduced by one-half to
establish a ibop gain of one. The pulse energy to noise density
ratio, Ec/Nco’ was varied by changing the level of the noise summed
with the signal at the synchrornizer's input. A time interval meter
was used to measure the timing error at appropriate instants. One
thousand timing-error samples were processed by a digital instru-
nentation computer operating on-line to obtain..each data point. The
computer was programed to provide a histogram of the error samples
and to calculate their mean value in addition to calculating the
standard deviation.

The effect of quantizing the time base corrections on the
timing jitter is evident from the experimental results shown in
Fig. 6: a lower bound is imposed on °ec/A which is approximately
equal to one-half the maximum quantization error divided by a, i.e.,
(°ec/A)min & %-(%UQ/A = 0.0125. This bound is approximately 0.7 times
the corresponding bound observed in previous experiments. The reduction
in timing jitter due to quantization error is attributed to improve-
ments in the time base correction circuit design. A compensated
theoretical result can be obtained by adding the ideal theoretical
result and the measured rms quantization error divided by & in an rms
(square root of the sum of squares) sense. The compensated analytical
result and the experimental data points are in close agreement for

19




10~

ENERY Al

T e Y e

O
A
o3
3 — THEORETICAL A=
T — — —=— EXPERIMENTAL QUANTIZATION ERROR
, - ADDED IN RMS SENSE
f O O O EXPERIMENTAL POINTS
1 - FAAGC CIRCUIT DISABLED
)
I |
1073 , [

! 14 18 22 26 30 34 38
E
e, (d8)

Fig. 6. Normalized c'ock loop timing jitter versus pulse energy to
noise density ratio for two values of N. and unity loop
gain when the FAAGC circuit is disabled and E¢/Neg is
varied by changing the noise level.

20




values of Ec/Nco greater than 12 dB. For EC/Nco less than 12 dB, a
better agreement between analytical and experimental results can be
obtained by calculating °ec/A using an expression given in references
[2] and [5] which includes a first-order correction to Eq. (1).

Several experiments were conducted to determine the effective-
ness of the FAAGC technique. In these tests, the loop gain was set
equal to one with the noise removed from the synchronizer's input. Of
course, when noise was applied to the input, the loop gain became a
random process since noise caused the sum output of the correlation
processor to fluctuate. It can be shown that the loop gain has an
average value larger than its value when noise is removed from the
input by an amount which depends on the pulse energy to noise density
ratio. However, the increase in average value is small when Ec/Nco
exceeds 10 dB. In subsequent discussions, the loop gain will be
described as equaling one to simplify the presentation.

In one series of tests, the threshold level in the FAAGC
circuit, esg, , was set at a value much smaller than the nominal sum
output of the correlation processor when the Towest-level clock
signal was applied at the synchronizer's input. The results obtained
from these tests are shown in Figs. 7 and 8. To provide a basis for
comparisc  .heoretical resul.: abta‘ned using Eq. (1) are also shown
in the figures, The data shown in Fig. 7 were obtained with the
number o1 sum voltage samples averaged in the FAAGC circuit, Ncs’ set
equal to one; the pulse energy to noise density ratio was changed by
varying the signal amplitude while holding the input noise power

‘constant. For completeness, data was also obtained which show the

effect of changing EC/Nco by varying the noise power while holding
the signal amplitude constant. These latter results are shown in

Fig. 8. Comparing Fig. 7 with Fig. 6 shows that enabling the FAAGC
circuit has a negligible effect on oeC/A throughout the range over

21




A S SRR R AT T T T PR S TR R PO R A T R PN TR TE NIRRT R

P R TR TE BTT

Agarns

P TIAT W

TS RRE T

10!

“h

1072

THEORETICAL  Ag=| \ 4

— — —— EXPERIMENTAL QUANTIZATION ERROR
ADDED IN RMS SENSE °

O O O EXPERIMENTAL POINTS, AGC RANGE UNRESTRICTED
ALL POINTS ARE FOR Neg=1|

1073 l I l ‘ | |

10 14 18 22 26 20 34
E
%co (dB)
g. 7. Ne-malized clock loop timing jitter versus pulse energy to

noise density ratic for a loop gain of one when the FAAGC

circuit is enabled and E¢/No, is varied by changing the
signal level; Neg=1.

22

38

WWWJMWWMIW/WWM:W@HWMWW AT TR



Pkt ¢

A

kY
Qg

A

LR L OCHE At A N

1

107!]
o,
A
1072
— THEORETICAL  A.=! N
- ~ = == EXPERIMENTAL QUANTIZATION ERROR \
ADDED IN RMS SENSE
_— O O O EXPERIMENTAL POINTS, Ngs=1
1073 | ’ l ' ' '
10 14 i8 22 _ 26 30 34 38
"o (9B)
Fig. 8. Normalized clock loop timing jitter versus pulse energy to

noise density ratio for a loop gain of one when the FAAGC
circuit is enabled and Ec/Ngo is varied by changing the
noise level; Neg=1.

23




L LONTIAL K k;ﬂ

which Ec/Nco was varied. The results in Fig. 7 show that the effective
loop gain is apparently held constant at one as the signal amplitude

is varied over a 24 dB range. For the results to be conclusive, it
must also be shown that enabling the FAAGC circuit does not alter the
response of the loop to deterministic changes in the network clock
signal's delay. This latter aspect of Toop performance will be
discussed in a subsequent paragraph.
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The standard deviation of the loop gain variations can be
reduced by averaging the sum voltage samples. Results obtained with
Ncs set equal to four are shown in Fig. 9; the value of Ec/Nco was
changed by varying the signal level. As anticipated from the results
presented in the preceding paragraph, averaging the sum samples does
not reduce cec/A. However, averaging does reduce the probability that
a large Toop gain error or consecutive loop gain errors will cause a
loss of lock. This factor should be considered when Ec/Nco is less

than approximately 12 dB.
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Results showing the effect of setting threshold voltage €cs
at values which are typically larger than the sum output of the cor-
relation processor when a low-level clock signal is applied at the
synchronizer's input are given in Figs. 10 and 11. To facilitate
discussion, a breakpoint signal amplitude is defined as the amplitude
of the network clock signal which results in the mean value of the
correlation processor's sampled sum output 2qualing the threshold
voltage. The procedure used to set the threshold level and thus the
breakpoint signal amplitude can best be described by example. In
Fig. 10, the FAAGC breakpoint is indicated as occurring at Ec/Nco
equal to 14 dB. Prior to setting the threshold level, a pulse energy
to noise density ratio of 14 dB was established by appropriately
adjusting the signal and noise levels. The noise was then removed
§ from the synchronizer's inpu