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1. INTRODUCTION AND SUMMARY

1.1 BACKGROUND

For positive control of the U.S. missile-launching sub-
marine force, command and control messages must be reliably
received by the submerged submarines in any part of the ocean
in which they may operate. Towards this end, a submarine laser
communication (SLC) system is being developed in which messages

will be transmitted by blue-green laser light.

The SLC system will be requlred to deliver messages with
acceptable levels of probability of detection and probability
of error. Several competing uapproaches te the design of such
a system are being evaluated. As an example, transmitters can
be ground- or space-based. In the former case, orbiting mirrors
will redirect the light downward over the occan. The relative
merit of each approach will be assessed on the busis of fea-
sibility, cost, and the risks associated with development of

the necessary technology.

1.2 OBJECTIVE

This study was intended as a paramctric analysis rep-
resenting a first step towards a quantitative understanding of
how the basic SLC system parameters, characterizing hardware
performance and cnannel properties affect the reliability of
communications. The study provides a framework allowing
designers 1) to redistribute the risk between the ground, space,
and receiver segments; 2) to compare the relative merits of

the ground-based vs. space-based laser concepts; and 3) to

T-2/511-3-00 -1-




study the effects not only of signal fading but other major
sources of performance degradation such as structured biolu-
minescence background and pulse stretching due to pulse prop-
agation through clouds. Admittedly, this framework is still
tentative, primarily because of the crudeness of the channel
model employed in the analysis, but the methodology developed
is nonetheless helpful in the assessment of system performance.

It should be made clear that we did not estimate in this
study how much uplink-generated fading one can expect or what
its effect will be. (The potential sources of the signal fading
were identified in the previous RRI report: Interim Technical
Report, T-1/511-3-00, "Communication System Studies for the
Submarine Laser Communications Uplink Program," 28 February 1982.)
Instead, we sought an answer to the questions: 1) is the system
sensitive to amplitude fading? 2) what constitutes an adequate
statistical model of fading for selected signal processing
schemes judged by RRI to be of particular interest in the SLC

applications?

This study does not develop a general theory probing
systematically into various conceivable alternatives for SLC
communications, but instead aims at very specific objectives

without the benefit of such a theory.

1.3 ANALYTICAL APPROACH

Up to now, most of the analyses of SLC system performance
used idealized models for both the hardware and the channel.
These models employed a single parameter, the signal-to-additive
noise ratio (SNR) to measure the overall system performance.

In such analyses, typically, the relative merit of different

technological approaches to the SLC was analyzed in the context
of the system's ability to "deliver" some level of SNR required
to achieve the desired probability of detection, PD' to a fixed

depth anywhere within an operational region.

T-2/511-3-00
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This analysis, on the other hand, shows that such an
approach is too narrow and may lead to a false perception of
available system tradeoffs. Our analysis was driven by the
following considerations, which had not been adequately ad-
dressed in the past:

a. The SLC performance should not be characterized only

in terms of the probability of detection, P but in addition,

’
it must be defined in terms of allowed probgbility of error,
Po. (We shall show in Section 2.2 that, with certain signal
processing techniques of practical interest to the SLC system,
P #1 - PD.)

b. In some strategic applications it is necessary to
deliver the message as fast as possible to any area within the
operational region. Therefore, it is useful to know, under
fixed transmitter power conditions, the minimum scanning time
necessary to deliver, to a specified depth, the required number
of information bits with a desired message quality (PE and
PD). The message format corresponding to the minimum scanning

time is also of interest.

In some tactical applications, one is mostly inter-
ested in knowing the maximum depth to which a message of

desired gquality can be delivered within a specified time.

C. The effects of the channel-induced degradations,
such as signal fading, pulse stretching, bioluminescence struc-
tured background noise, on the overall system performance should

be measured in terms of a required signal-power margin and/or

additional scanning time necessary to overcome these degradations.

d. The apparent need for system robustness must be
reflected in any performance evaluation. The system will
operate under a variety of changing conditions, so that the
allowed probability of error must be kept below designated

levels. Algorithms with this capability are "robust" in our

T-2/511-3-00 -3-




terminology. An example of a suitable robust algorithm is
presented in Section 2.0. There, the message quality is
characterized by P, and max{PE}, where max{PE} denotes the
maximum value of {PE} for any value of SNR.

The parametric analysis establishes relationships
between the key performance parameters of interest to the users
and the parameters characterizing the hardware performance
operating under specific channel-induced constraints. The
considered performance parameters of interest are: the message
quality {max Poy PD} and the scanning time together with opera-
tional depth {Tsc’ 2}. The considered parameters characterizing
the hardware are: signal-to-noise ratio and the message redun-
dancy r, for different levels of signal fading, {SNR, r}, where
r is the ratio of the number of synchronization and parity
pulses to the number of information pulses in a message. The
analysis format allows system designers to trade the desired
message quality with the hardware performance, and the operational

environment, i.e.,

, 2}

{max P sc

gr Ppt o (SNR, r} [ (T
There 1is a substantial benefit from such an analytical multidi-
mensional parametric framework. To list only a few: 1) one can
quantitatively assess the performance margins required to overcome
the effects of channel-induced degradations under a fixed message
quality constraint; 2) system optimization for tactical or
strategic applications can be proposed and quantitatively

assessed with regard to the channel; 3) the nonlinear relation-
ship between the user system parameters and the hardware perform-
ance parameters can be fully explored and the most suitable
processing schemes identified; 4) the effects of the channel

on the overall system performance can be bounded.

T-2/511-3-00
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1.4 SCOPE

The analysis was conducted for pulse position modulated
(PPM) messages. A message is constructed of two segments: a
synchronization segment consisting of ng pulses and an informa-
tion segment composed of 2 blocks, each with n; information
and np parity check pulses. The synchronization pulses are
used to provide a reference for measuring the positions of the
pulses in the information segment. The purpose of the parity
check pulses is to help achieve desired message quality

{max PE, PD} despite the channel-induced degradations.

Given SNR and the channel characteristics, the number of
synchronization and parity check pulses necessary to achieve a
certain message guality depends on the number of information
pulses. To study this dependence, we considered two types of
messages: the so-called "short" message with two or four infor-
mation pulses, and the so-called "long" message with two blocks

of information pulses and twelve pulses to the block.

Furthermore, the synchronization segment preceding the
information segment was varied from two to six pulses for both

the short and long messages.

A formal similarity between the synchronization and
decoding problems was noted in the computations of probabilities
of error and detection for the synchronization and information
segments. First, the computations were conducted separately
for both segments. For the computation of overall performance,
the results were appropriately combined, as shown in Section 2.3.
This approach allows: 1) identification of the conditions where
the overall performance was limited either by failure in estab-
lishing synchronization or in decoding; and 2) tradeoffs between
the number of synchronization and parity check pulses associated
with a fixed number of information pulses to optimize the overall

per formance.

T-2/511-3-00 -5-
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The selected patterns for the pulses in the synchronization
and information segments are discussed in Section 2.1.5. For
better noise rejection, the so-called "maximum distance" patterns
and "maximum distance separable" codes were considered for the
synchronization and information segments, respectively. (The
Reed-Solomon code belongs to the set of "maximum distance
separable" codes.)

Two decoding schemes, discussed in Section 2.1.6, were
analyzed: "soft" and "hard" decoding. In "soft" decoding, the

decision about the positions of the transmitted pulses are made

glabally by interrogating simultaneously all pulses in a segment.

In "hard" decoding, decisions about pulse position are made

T

locally on a frame-by-frame basis and then a suitable algebraic
decoding, involving error correction and/or erasure correction,

is used.

"Soft" and "hard" decoding can employ different algorithms
to detect or estimate the pulse positions. The relative merit
of the algorithms considered in our analysis is discussed in
Section 2.1.6. The algorithms for pattern detection can be
divided in two classes: those that do not use a threshold and
those that do. The maximum likelihood technigues giving
optimal probability of detection belong to the first class.
These algorithms can produce, however, a prohibitively high

probability of error P where the weak signal results in small

EI
PD: PE =1 - PD. On the other hand, algorithms employing
thresholds are suboptimal in P_ but control of P_ is more readily

D E
accomplished. The threshold provides an additional condition:

when this condition is not satisfied message decoding is not

performed. This type of decision is referred to as the failure

T-2,/511-3-00
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mode. For the algorithms investigated in this report
Pp=1- P, - Py, (Pp # 1 - Pp)

where Pp is the probability that the signal and noise pattern

are below some threshold value. The idea here is to reduce tne
probability of error to an acceptable level without a substantial
reduction of probability of detection.

The effect of the channel-induced signal fading on the
system performance was investigated systematically following
an approach outlined below:

The system performance for a deterministic signal (non-
fading signal) in Gaussian noise was analyzed first to develop
a convenient bench mark for assessing the effects of the fading.
(The considered Gaussian channel is discussed in Section 2.4.1.)
The tradeoffs between the number of synchronization and parity
check pulses vs. SNR were performed for short and long messages.
(The SNR was defined as the ratio of signal-to-additive noise
power per pulse.) The above tradeoffs were conducted separately
for the synchronization and message segments. The probabilities
of error and detection of the segments were appropriately combined
to produce the overall message quality. Both "soft" and "hard"
decoding were considered. The tradeoffs were carried out under
two different sets of constraints: 1) the desired probability
of detection, for the detection algorithms with no thresholds;
and 2) the desired probability of detection and maximum allowable
probability of error, for the detection algorithms with thresholds.

Typical results are shown in Section 3. 3.

It was felt that the SLC system will have to operate under
the latter set of constraints. For robust signal processing
employing thresholds, the tradeoffs between the synchronization

and parity pulses vs. SNR were conducted by 1) selecting the

T-2/511-3-00 e
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threshold values to bound the probability of error PE; 2) finding
values of SNR to obtain the desired probability of detection PD
for different message structures; and 3) computing corresponding

s nin ime T .
can g time sc

Scanning time was computed from the following expression:

AT
TSC=A—tan' SNR
where AT = total operational area,
A = area of laser message beam at ocean surface,
t = message duration,
SNR = N2/c2 a l/AZ,
s’ o
where Ns = average numver of signal photocounts in a single
pulse registered by the receiver during a time slot
allocated to a single pulse,
oi = average nolse power in the time slot in absence of
signal,
n = total number of pulses in message.

Based on the above analysis, a "hard" decoder with thresh-
olds emerged as a good signal processing scheme for its robustness
and simplicity. This scheme was considered when studying the

effects of signal fading.

The signal fading-induced performance degradation was

investigated quantitatively for short and long messages. A

T-2/511-3-00
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very simple, yet adequate, model was used for the fading statistics.
The fading distribution is defined in Section 2.4.2. The
distribution in its simplest form is characterized by two
parameters: the mean and variance. The ratio of the standard
deviation to the mean, referred to as the fading contrast C, is
proportional to the square root of the probability of "losing"

a signal pulse.

Throughout the analysis, we wish to answer the question:
"what is the degradation measured in terms of additional SNR
and/or redundancy {ASNR, Ar} and the corresponding increase in
the scanning time ATSC and/or the decrease in the operational

depth A%, for a system designed to operate with a given max PE

and P, {max P PD} for different values of contrast C?," i.e.,
> >
{max Py, Py} _ {SNR + ASNR(C), r + Ar(C)} _
{Tsc + ATSC(C) , &= AL(C)}
with the understanding that when C = 0, ASNR = Ar = AT = AL = 0.

sc
A more detailed discussion of the scope and approach of

the analysis is presented in Section 2.0.

1.5 SUMMARY OF RESULTS

This section summarizes the results of the study presented

in more detail in Section 4.0 of this report.

1.5.1 Channel: Negligible fading, additive Gaussian noise

The following results were based on the analysis of
tradeoffs between the number of synchronization and parity pulses

and SNR, under constraint of message quality.

1.5.1.1 Detection algorithms with no thresholds

For the detection algorithms with no thresholds, the

"soft" decoders are optimal in probability of detection and
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perform appreciably better than the "hard" decoders for both
the short and long messages; the difference in performance
increases with the probability of detection. As an example,
for the same number of parity checks, the "soft" decoder can
achieve PD = 0.9999 for the long and short messages with SNR
lower by 2 or 3 dB than that required by the "hard" decoder.

We rejected the algorithms with no thresholds as
the candidates for the SLC applications despite their optimality
in PD; the algorithms are not robust and, therefore, they can
yield prohibitively high probability of error for weak signals.
We focused our attention on the algorithms with thresholds for
which PE #F 1 - P
1.5.1.2 Detection algorithms with thresholds

In our analysis the thresholds were selected to
control the probability of error under different channel condi-
tions, thereby achieving a necessary amount of robustness.

The resulting signal processing scheme is suboptimal in probabil-

ity of detection. The "price" in P_ or SNR that one has to pay

to secure system robustness is relaEiVely low (one needs SNRs
higher by 0.5 to 2 dB for the considered message formats,

maximum probability of error, and given level PD). Comparing,
under the same conditions, the "soft" and "hard" decoders with
thresholds, one concludes, based on the discussion in Section 4.1,
that the "soft" decoder performs better for both the short and
long messages: typically, SNRs required by the "soft" decoder

are lower by 1 to 3 dB than the corresponding values for the

"hard" decoder.

It is instructive to notice that, for a fixed message
guality and equal number of parity pulses, the required SNRs
are higher by 1 to 2 dB for the long messages than those for

the short messages.

T-2/511-3-00
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1.5.1.3 Numerical Examples: "Soft" vs. "hard" decoding for

strategic applications

For a message vuality of {max PL = 1078, Py = 0.9999}
and both the long and short megsages with two blocks of informa-
tion pulses, twelve pulses to a block and four information pulses,
respectively, we wished to know the SNR and the corresponding
scanning time, Tsc’ which is of interest in the strategic

applications. Sample results are shown below.

Mininum Scanning Time, Min{TSC}

"SOft“ “Hard"
Short Message Min{TSC} 1.00 1.05
n. = 4
i
5 =1 SNR 17.6 20.4 dB
Long Message Min{T_ 1.00 1.17
n, = 12 S¢
* SNR 13.9 16 dB
Z = 2

The above results are typical for the considered

message formats.

In this study the tradeoffs were performed for the
minimum scanning time necessary to deliver a message to a
specified depth. The results of the tradeoffs can be readily
used to obtain numerical values of the maximum depth to which
one can transmit messages in a specified time and with a

specified quality.

1.5.2 Channel: Fading signal in Gaussian additive noise

The analysis of a fading signal was carried out for
the "hard" decoder with thresholds. This signal processing

scheme was identified as suitable for the SLC applications.

because of its robustness and relative simplicity.
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Our approach was to quantify the fading-induced
degradation on the system employing signal processing designed
and optimized under an assumption that fading was negligible.

The results of Section 4.2 indicate that the signal
processing schemes designed for a nonfading signal are often
nul adequate for a fading signal. The performance degradation
is more substantial for short rather than long messages: as
an example, if one uses the redundancy which produces the
minimum scanning time for nonfading signal, then such a system
will fail in presence of even moderate fading. One needs to
use up to five synchronization and parity pulses to compensate
for the considered fading that results in an increase of the

scanning time of up to 40%.

For those message formats where the considered signal
processing allows communications with required message quality,
the SNR margin necessary to compensate for the fading is not
larger than 1 dB and the associated increase in the scanning
time is 10% for the short messages. Corresponding margins for

the long message are negligible.

As expected, for both the short and long messages, an
increase in redundancy rather than in SNR proves to be a better

way to combat fading.

1.6 SUGGESTION FOR FUTURE WORK

Analytical relationships between the parameters of
interest to the user and the parameters characterizing the
hardware and the propagation channel were established for SLC
system for the first time. These relationships constitute a
useful framework to study the effects of a channel on the system
performance not only for the SLC-SAT systems with the ground-
or space-based laser transmitter, but for SLC-AIR as well. 1In

the study, the utility of this analytical framework was

T-2/511-3-00
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demonstrated by producing a quantitative characterization of
the system performance for different signal processing schemes
for fading and nonfading channels. The system optimiza-

tior for the strategic and tactical applications wWas discussed
explicitly in terms of means for securing minimum scanning time
or maximum operational depth, respectively.

Usefulness of this framework to the SLC community can
be substantially increased by considering a more complete set
of parameters characterizing the hardware performancé and the
channel. A more complete analysis should relate the parameters
of interest to the user, ‘.e., the message quality associated
with the required number -.£ information bits, I
I

ing’ {max P, Py:
inf} and scanning time L and the operational depth, {Tsc' 2}
with the hardware and cha nel parameters which include, in
addition to the already d.scussed SNR, redundancy r, and fading
contrast C, the following ones: PRF of the transmitting laser,
*ime slot, ts’ assigned to a pulse in a PPM frame, number of
t:me slots in a frame, g, channel-induced pulse dispersion, iw,
and random pulse position modulation, Ak. Such a framework will
a'low the following tradeoffs:

} 7 {snR, r, C, Aw, 0k, PRF, q} _ (T

{max Po, Ppi Iing! « o’ 2}
where

max Pp {Iinf = nilog al,
and

Py(n;, ng, q, SNR, C, &w, bk, PRF).

It fo'.lows that the suggested analysis will identify
methoo s of ccmbating the channel-induced performance degradations
whiich ~an include as an example, the laser PRF and choice of ts

and y, in addition to the signal processing schemes.
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Lastly, analytic framework chosen from the variety discussed
above should become a valuable model for the SLC systems of interest.
An experimental validation of such a model can be used as a

criterion for defining the success of the SLC~AIR experiment.

T——7
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2. PROBLEM DEFINITION

2.1 GENERAL
2.1.1 Modulation

The message in the SLC system is transmitted by
pulse interval modulation (PIM). Two implementations of this
modulation are of interest: pulse position modulation (PPM)
and differential pulse interval modulation (DPIM). PPM conveys
information by assigning the absolute position of pulse within
one time interval, and, therefore, requires a sequence of
synchronizing pulses. On the other hand, DPIM conveys informa-
tion by the time differences between pulses; here synchroniza-
tion 1is not necessary {(asynchronous PPM). Following Ref. 1,
this study considers only PPM. (DPIM or other implementa-

tions of PIM may have some merit, especially for "short" messages.)

2.1.2 Message Format

A message is defined by two segments: a synchroniza-
tion segment and an information segment. First, the information
is encoded onto a message segment by assigning a pulse's position
F* Each

F 1s referred

to one of the g time slots within the time interval t
time slot 1is of duration t- The time interval t
to as a "frame", there is only one pulse in the frame, the pulse
position in the frame defines a symbol. Since a pulse can be

in one of the g positions in a frame, the PPM frame carries 1092q

information bits. Following this PPM frame encoding, the informa-
tion is further encoded into "words", each word being a sequence
T-2/511-3-00 -15-
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of the symbols (PPM frames). A word consisting of n_ symbols

corresponds to a block np log2 g bits long. Finallyf the informa-
tion segment is generated by forming Z blocks each of which
contains n, information pulsas'and np parity check pulsés. The
synchronization segment is defined by a known pattern consisting
of ng synchronization pulses. The total number of pulses is

given by:

n = ng + Z (n.l + np) = ng + ZnF (2.1)

where ng is the number of frames in an information block.

The detection of synchronization pattern, and

message decoding, are analyzed in the following sections.

2.1.3 Synchronization

The problem of synchronization is one of estimating
the position, in time, of a known pattern of synchronization
pulses. The following simplifying assumptions will be useful

in evaluating different synchronization schemes.

As shown in Fig. 2.1, the synchronization pulses
(ns pulses in a known pattern) are sent during observation time
T. The width of each pulse 1is tg- We divide the total opserva-
tion time T into Q slots of width ts.

T =¢Q -* tS (2.2)

For the model shown in Fig. 2.1 the problem of the
pattern position estimation 1s equivalent to the problem of
detection of a known pattern, when its position is unknown. It
is also assumed that the signal pulses have widths comparable

with the time slots.

The number of possible pattern positions is Q - d,
where 4 is the separation (in units of ts) between the first
and last synchronization pulses. (Q-d=Q,since Q>>d, shall be

assumed. )

T-2/511-3-00
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ﬁ = (0 ¢, 0, O 0 0, 1 0, i, u, u 1 o, 0 ) 0,
$ * signal
T Qe tS = total observation interval
ts = time siot duration
Q = number of time slots; Q >> 1
k » "position' of the signal pattern: k = 1, 2, ..., Q
dij = separation between ith and jth signal pulses ipattern shapel

k' k¢ dlZ' K' = k' + d23
JMit * set of all possible vectors My

Figure 2.1 Synchronization Pattern

It should be remembered that in more realistic
schemes the pattern position is described by a continuous param-
eter. The modification required in such a case, as well as the
possibility of variable pulse shapes, should be considered
separately. The model considered here, however, gives a reason-
able approximation to the problem at hand whenever the pulse

width is narrower than the slot width.

The set of all possible pattern positions can be

described by a set of vectors m k=1, ..., Q- d = Q. Vector

_k'
my has Q components, all of them zero cxcept ng components which

are each egual to one. The relative location of the non-zero

components depends on the pattern shape of synchronization pulses.

The pattern position is defined here by the location of first
non-zero component of a vector mk, (See Fig. 2.1) so that the
first non-zero component is at kth position, the second at

(k + dlz)th, etc.
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i ne

S * signal

T, = ts( neq + lnF-l)qD) = {otal duratinn of information segment

t = time siot duration

q = number of slots in PPMAY frame

Ne = number of frames in information segment

ap = number of slots in ""dead" time

i = "pnsition’ of signal pulse in i-th frame k, = 1,.. .q

(=1 - muttiindex describing pulses position (pattern shape' *(ky, ky. ---, Xncl

ym,y = set of all possible vectors my

Figure 2.2 Information Segment Pattern (One Block)
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The synchronization problem is to find the pattern
position k in the presence of noise. 1In this case k can take
one of Q values, and pattern shape (i.e., d12’ d23, ...) 1is
known "a priori".

2.1.4 Decoding

The decoding problem is formally similar to that of
synchronization. Data is encoded into words, each word is consid-
ered as a sequence of PPM frames. The resulting pattern is
shown schematically in Fig. 2.2. Such a pattern can be described
by a vector m, with non-zero components corresponding to the

positions of pulses in the frames.

The decoding problem is to find a pattern shape
(a) = (kl, k2, ooy knF) in the presence of noise. (a) can
take one of qni values for separable codes considered in this
report. Thus, decoding is similar to the synchronization problem,
except that the pattern position 1s described by a multi-index

(o) rather than by a single number (k on Fig. 2.1).

Throughout this report we use the following notions
interchangably: "pattern position estimation”" with "pattern
detection”" for processing the synchronization segment, and "pattern
shape estimation" with "decoding" for processing of the informa-

tion segment.

2.1.5 Classification of Synchronization and Information

Patterns (Coding)

For synchronization patterns and coding schemes
it is useful to introduce the concept of "distance" between two

patterns or codewords.
For instance, for the synchronization patterns the

"distance" d(k,i) between patterns my and m, can be defined as:

d(k, ) - n - I(kr')' (2.3)
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where

I, 2) = m - m (2.4)

is the number of overlaps between the signal slots in patterns
m, and m, . The possible range of values of I is between 0 and
ng. These definitions are analogous to those used in coding.
Distance between patterns m and m. . (Hamming distance) is
defined as:

d(a,a') = n, - I(a,a'") (2.5)
where

Llool) = m, = my, (2.6)

is the number of overlaps between the signal slots in patterns
m, and m.v. The range of possible values of I is between 0 and
Np. A preferable set of patterns is characterized by values of

d which are as large as possible for better noise rejection.

Another useful concept is the "distance enumerator”
A(d) which gives the number of patterns separated by d from a

fixed pattern.

A special class of useful synchronization patterns
is referred here as "maximum distance" patterns. For these
patterns d(k,%) may take only two values, ng and ng - 1, for
k # . A less useful class of synchronization patterns consists
of equally separated pulses. For these patterns d(k,%) may
take all values between ng and 1 for k # 2. The following two

examples serve as an illustration of these two classes of patterns:

T-2,/511-3-00
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2.1.5.1 For "maximum distance" patterns

(dmin = ng - 1 for k # ),

A(l) = ... = A(n_ - 2) =0, Alng - 1) = n_(n,-1), Aln) = Q

As an example, for three synchronization pulses
(nS = 3) separated by non equal intervals (d12 # d23) and dis-

tributed among Q time slots, one finds that:

i m_ |
M B |

"single
overlap"”

There is only one pattern (mask) which will over-
lap with the fixed signal pattern completely (in all three signal
slots), (I = 3; d = 0; A(0) = 1).

There 1s no pattern (mask) which wi1ll overlap with
the fixed signal pattern across two signal slots. (I = 2, d = 1;
A(l) = 0).

There are six patterns (masks) which will overlap
with the fixed signal pattern across ono signal slot. (I = 1;

a = 2; A(2) = 6).

There are approximately, o patterns (masks) which

will not overlap with the {ixed signal pattern across any of the

signal slots, when Q >> 1. (I = 0; d = 3; A(3) = Q).
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2.1.5.2 For equal intervals between pulses

A(l) = Aa(2) = . = A(ns - 1) = 2; A(ns) * Q
E.g., ng = 3, d12 = d23
| N |
|| || |
"double
overlap"

I =23, or 2, orl, or 0
A(0) =1
A(l) = 2
A(2) = 2
A(3) = Q

2.1.5.3 For "maximum distance separable"

(MDS)

In this study we considered MDS codes where

A , SN s
AlQ) = ( F) _lga:_}) j{: Y (d.l)qd i

(q) min i=0

T-2/511-3-00
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Examples of such codes are the Reed-Solomon codes
for Np < q - 1 where q is a prime number or a power of a prime
number. (The Reed-Solomon codes are a family of linear g-nary

codes with 4 = np + 1 and number of symbols n = g - 1. They
! have a check matrix of the form H (zlJ), where « is a primitive
root of GF{(q), i1 =0, 1, ..., np - land 3 =0, 1, ..., q - 2.

An MDS code with Np = n can be constructed from the n_ x (q - 1)
check matrix of a Reed-Solomon code by selecting any gubset of

ng columns out of a set of n columns).(2'3)

2.1.6 Algorithms

The cholice of the detection algoritim for the synchroniza-
tion pattern and decoding algorithm depends on sigynal and back-
ground statistics as well as on performunce reguirements. The
condition that signal processing be performed within given time
limits can restrict even further the class of applicable algorithms.
Listed below are several algorithms selected either because they
] are optimal under certain conditions ({(additive, gaussian noise)
or have a simple, "natural" form. We considored (Table 2.1)
the following algorithms for estimating synchronization pattern
position. The same algorithms are used for decoding with the
replacement k » :. lHere, vector n describes a received pattern.
Algorithm A gives the maximum probability of detection for a
deterministic signal in additive Gaussian background nolse
(most likely pattern position). 1t is a complete detection
algorithm, i.e., 1t will always select some pattern position

{even when no signal pattern was actually sent).

Algorithms B, , D are incomplete deotection al-
gorithms; they have a failure mode, 1.e., in certain situations, a
pattern position will not hec selected cven if a pattern 1s
actually sent. Such a "failure" mode, in spite of 1ts negative
connotations, can be a desirable mode if it offers robustness

and/or leads to a reduction of probability of error.
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TABLE 2.1 SELECTED ALGORITHMS FOR
f - PATTERN POSITION ESTIMATION

; Pattern is in kth position

ALGORITHM COMMENTS
A, A me > nom, Most likely position(soft decoder
Optimal for Gaussian statistics
Not robust
B*, n me>nom, +oa Failure mode
x = threshold
, C*. n - Tk > n - m Failure mode
" and
i nem > Z; 2= threshold Robust
o. n o Ek >y Failure mode
for first value of k Poor performance

*For all k'; k # k'

1 Algorithm B selects the most likely pattern posi-
tion and tests whether the next most likely position is separated
by a sufficient energy gap ("distance"). If the result of this
test is negative, suggesting some ambiguity, it declares a detec-
tion failure. This type of algorithm is attractive for systems

! operating with fixed and known SNR and leads to the optimal
probability of detection while keeping probability of error at

a desired level.
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Algorithm C selects the most likely pattern
position and tests whether the energy output exceeds the desired
level. The proper selection of threshold will bound the probabil-
ity of error for all SNR and at the same time maintain the

probability of detection at a reasonable level.

Algorithm D can be used to detect pulse position
within the frame and is clearly suboptimal. In detection of the
position of the synchronization pattern it exhibits pathological
behavior; for sufficiently large signal values it will commit

an error with the probability approaching unity.

Algorithms A, B, and C make decisions based on
some "global" considerations such as "largest" total energy
output, etc. We will refer to the decoding schemes employing
algorithms A, B, or C as "soft" decoding (with different types
of thresholds). An algorithm which makes decisions based on
"local" considerations and for which a more detailed discussion

is important, is called a "hard" decoder.

In the "hard" decoder, pulse position estimation
in a particular frame is determined independent of a decision
mad~ in any other frame. For pulse detection in a frame one of
the .lgorithms listed above (A to D) can be used with replacement
m > ma where mA is a vector indicating pulse position in frame

A as shown in Fig. 2.3.

< PPM FRAME A= ————72
\J O I ) B T B
123 456 7. . q
ma10, 0,0 0,00, 1,0 ., ., ., ., .0
Figure 2.3 Frame Pattern
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In general, there are three possible outcomes of

pulse position estimation in each frame.

- Pulse position could be determined correctly
with probability ayq

Pulse position could be determined incorrectly
with probability ap
- There would be detection failure (erasure) with

T
{

probability a, (algorithms B, C and D).

All these probabilities are related:

(2.9)

After detection of pulse position in all frames,
an appropriate algebraic decoding (error detecting, error and/or
erasure correcting) scheme is applied. It is not difficult to
show that a minimum distance of at least t_. + tg * te + 1 1is

E

necessary and sufficient for correcting all combinations of tp
errors, te erasures and simultanecusly detecting errors of

3 > tE' (See Ref. 2.)

magnitude t
Other types of algorithms could also be attractive;

in particular, algorithms making decisions on the basis of

combination of local and global considerations. Exaumples of

such algorithms will be gilven in other sections of this report.

2.2 PERFORMANCE CHARACTERIZATION

Assuming simple models of signal and background statistics
(section 2.4), we shall discuss the merit of several detection
and decoding algorithms described in section 2.1.6. The goal
is to establish the relationship between the different quantities

listed below, necessary to characterize the performance

T-2/511-3-00
-26-

- =g o




evaluation. First, we shall give a description of these

important parameters.

The signal-to-noise ratio (SNR) per pulse shall be defined
as follows: ‘

5 (2.10)

where ﬁs is an average value of the signal photocounts in a

time slot containing a pulse and og

number of photocounts registered in a slot with no signal.

is the variance of the

The probability of decoding (PD) is the probability that the
received pattern will be decoded as the transmitted codeword.

The probability of ervor (PE) is the probability that the
received pattern will be decoded as the wrong codeword (other
than the one transmittecd,.

The pra-bility of failure (PF) is the probability that the
received pat* .n will not be decoded as any of the possible
tr - nsmitted message words.

Note that these pirobabilities are related:

P.+ P+ P, =1 (2.31)

A decoding faiiure is preferable to a decoding error, but correct
decoding is preferable to either of these events. Therefore,
depending on performance requirements one can make tradeoffs
between P, P, and Py by modifying the signal processing. An
example of an algorithm which decodes any received pattern into
one of the possible transmitted codewords is given by algorithm A
i, Section 2.1.6 (applied both for location of synchronization
pulses and decoding). It is a complete decoding algorithm for
which the probability of decoding failure is zero. If the cost
of committing a decoding error is high, one may prefer an in-
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complete decoding algorithm which will not decode any suffi-

ciently ambiguous received pattern.

In general, the probability of detection and probability

of error depend on SNR values. In the SLC system SNR will vary

over considerable range for a variety of reasons (weather and

water conditions, receiver depth, etc.). The demand that the

SLC system should operate with PD

attaining some required value

under all such conditions may not be reasonable, It is sensible,

however, to require that the probability of error, PE’

never exceed certain levels. Therefore, we have chosen the

maximum allowable error probability over the entire range of

should

SNR values to be one of the parameters defining system perform-

ance. In this sense the considered signal processing is "robust”.

There are other parameters which can be useful in perfomm-

ance characterization. For instance, the minimum energy neces-

sary to deliver a message, with the required probability PD'
given by

E . ~ (SNR)* e n
min

(

is

2.12)

where we assumed that E ~ ﬁs so that E ~ # SNR, (SNR)* - is the

minimum signal-to-noise ratio required to deliver a message

witih the nxpanxiPD(for a given max PE)' and n dernotes the tota
number of pulses in the message.

Since (SNR)* is an implicit function of redundancy (n

1

n_)

s''p

we can establish what message formats lead to the smallest value
of Emin' Another example of a useful parameter (under similar
conditions; given PD and max PE per message, etc.) is given by

the total minimum energy which has to be delivered to a scann
area. Let AT denote total scanned area (step stare mode) and

A the laser message beam size. Then the number of steps requ

T-2/511-3-00
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(neglecting the possible need for overlaps) 1is (AT/A). However,
NS~ ‘/ SNR ~ (1/A) and therefore

sc Ap ——
E:min D (SNR)* « 4 . (SNR)* . p (2.13)

Again, one can establish the tradeoffs between redundancy and

sc

min”®
; The most appropriate additional parameter for performance
characterization of the SLC system 1s, .5 our oplnion, the minimum
scanning time Tsc' 1f we denote the message duration by t we

obtain

Tsc - (AT/A) c ot~ \/(SNR)* t

3 (2.14)

~ (SNR)* [Z(n. , . .
[ . np)(q toap) +ong ay * “]ts

Here ts denotes time slot duration and ' denotes some small factor
(& << qD) taking into account that synchronization pulses will

not be sent at the maximum rate (for "maximum distance" synchroniza-

tion patterns). We have also assumed that the laser beam moves

from cone spot to the next in a time no longer than thS.

Another formula for the minimum scanning time may be

obtained under the constraint of a fixed value of PRF. If the
value of (g + qD)tS equals the inverse of the maximum allowable PRF,

then the expression for minimum scanninrng time 1is of the form:

T . ~ ‘J(SNR)* . [Z(n.l +n) o+ ns] (@ + gyt =
- Jﬁm* “ne (g4 gty (2.15)

f 50—
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This is similar to the minimum energy necessary to deliver a

message under required performance conditions.

To summarize, the selected set of parameters for perform-
ance characterization consists of max P a desirable value

EI
of P a required minimum SNR/pulse and scanning time as well

’
as rgdundancy. Note that a complete performance characteriza-
tion will require more knowledge of the background and signal
statistics. The tradeoff space may be also enlarged by varying
slot size as well as the number of slots per frame. One should

also consider the merits of variable message formats.

It should be noted that there are different definitions

of the signal-to-noise ratio depending on application as well
as on signal processing. For example, another standard defini-

tion frequently used(4) is:
2
’§\§ R (NS)
NR = Jar H; (2.16)

where ny is the number of photocounts registered in the time

slot containing the signal.

Our definition of SNR allows us to write equations used
in this section in a simple form. It will be useful in a later
discussion since it is independent of fading. However, neither
of the definitions allows one to evaluate the performance of the
system in terms of a single parameter in the case of a fluctua-

ting signal.

2.3 APPROACH TO TRADEOFF ANALYSIS

In the diagram shown in Fig. 2.4, we present schematically
the approach followed in this study leading to tradeoffs between

the parameters which are of interest in the SLC system.
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After selecting a message format consisting of a syn-
chronization and an information segment, we discuss the perfor-
mance of “wo components of a signal processing algorithm: an
algorith™ which detects the position of theisynchronizatidn
pattern and a decoding algorithm.

Assuming additive white Gaussian background noise and a
deturministic signal, we shall first discuss the performance of
algorithm: without thresholding. Algorithm A of Section 2.1.6
gives the maximum probability of detection of the position of
synchronization pulses and, when applied to decoding ("soft"
decoder), the maximum probability of correct decoding. We can,
therefore, bound the value of SNR necessary to perform those
tasks at the required confidence level. On the other hand, the
"hard" decoder is clearly suboptimal (with the exception of
zerc parity checks when "soft" and "hard" decoding coincides).
The choice of different decoding schemes illustrates the trade-
offs between the probabilities of error and detection.

Since algorithm A has the undesirable property that the
errcr probability approaches unity when SNR approaches zero,
some type of threshold must be applied to bound the probability
of error. Threshold values were determined from the condition
that maximum probability of error (for all SNR values) does not
excezd some predetermined value. Note that, for the "hard"
deccder, thresholding is either necessary for a given amount of
redundancy, or desirable. #After selection of threshold values
(and proper decoding scheme: for the "hard" decoder) the synchroniza-
tion and decoding algorithm: were combined. The relationship
between different performance parameters was then discussed.

Next, we employed a simple fading signal model, and
disci1ssed fading-induced degradations of the signal processing
scheres designed to meet the performance requirements for non-
fadirg signals.
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MESSAGE FORMAT APPROACH TRADEOFFS
s —A N A- N, A —
i |
| Pp '
|
Synchronization : No Threshold | | Pp. P
Segment Pp. P |
n | n
s 1 Threshold }—l4SNR
{ ! SOFT
I l —>
! ' HARD
| No Threshold ] |
|
\SOFT Pp. Pe , o Pe
, Threshold e
|{ SNR
I nformation : o Pe l
Segment I Threshold l
f HARD Pp. Pe |
| No Thresholdj |
!
1
ng = number of synchronization pulses
n, = number of information pulses
np = number of parity checks
PD = probability of detection
PE = probability of error
TS = scanning time
SNR =

signal-to-noise ratio per pulse

Fig. 2.4 Schematic Representation of Approach Leading to

Tradeoffs Between Redundancy SNR and Scanning Time
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Let us point out certain simplifications made in the
performance evaluation. Assuming appropriate algorithms for
datection of the synchronization pattern and for message decoding,
the evaluation of overall performance may be described by the
diagram in Fig. 2.5.

o Detection of Synuhrar f2ton Puiess

Pop * Por * Pop 7 !

¢ Decoding

Pp + Pp v Pp - Locorrect g ninromnt
Pp + Pg v Py Lierroran g mihir ooy o

¢ Performance N'easures

(pD* PF ¢ pE = Ir'

Fig. 2.5 Schematic Representation

Po = PsoPp * PsePh
Pe = Pop + PopPr + PogPy

of Performance Evaluation

Pe - PopP * Pog Py

In general there are three possible outputs of the algorithm

for detection of synchronization pulses: probability of correct

synchronization (PSD), probability of synchronization error (P

SE)

SF). If detection
of the synchronization pattern is correct there are three possible

and probability of synchronization failure (P

decoding algorithm outputs: Pb, Pé, and Pé corresponding to the

performance of the decoder for correct synchronization. If
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detection of the synchronization pattern is erroneous, the possible
outputs of the decoding algorithm are denoted by PB, Pg, and P;.
PB for most coding and decoding algorithms can be set at zero.
Values of PE and P; depend on the type of synchronization error

and the choice of decoding algorithm.

Two inequalities can easily be established:

1 - - _ pr
Pp S (1= Pgp) + (1 - P

E SE (2.17)

The first of these gives a rather tight approximation of (1 - PD).
The tightness of the second inequality depends on the choice of
the decoding algorithm. If synchronization error leads to

the decoding error, then this inequality is also rather tight.

The performance was bounded by evaluating (1 = Pgp) + (1 - PJ)
1
and (Pp + Pgp).

algorithms, in overestimation of the probability of error, a

Since this approach may result, for some decoding

more extensive analysis based on an exact expression for PE
could be useful. However, such an analysis would be incomplete
unless the degree to which the presence of the pulse information
segment affects the errors in synchronization is also included.
This depends on the relative configu>ation of the synchronization
pulses with respect to the pulses in an information segment,

the separation between frames (at present taken as equal to

"dead" time), etc.

2.4 BACKGROUND AND SIGNAL STATISTICS

In the study, to bound the SLC system performance we
considered two models for the channel. In the first model,
discussed in Section 2.4.1, the channel does not degrade the

T-2/511~3-00
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signal but it does introduce an additive Gaussian noise which
is statistically mutually independent in all time slots during
the observation time. Each time slot contains the same amount
of noise power Oé' Thus, the statistics of the energy registered
by the receiver detector 1s Gaussian with the mean given by the
total power in the signal and variance oé (Eg. 2.18). In the
second model, discussed in Section 2.4.2, the channel modulates
the signal randomly and adds Gaussian noise with the same
statistical properties as in the first model. The signal is
not deterministic and the registered energy is not governed by
Gaussian statistics. The performance and tradeoffs perform-

ed for the first model provide a useful limit or reference for
measuring the effects of the degradations generated by the

fading channel.

2.4.1 Deterministic Signal

Without any loss of generality, we assume that at
the receiver, the output of a detector recording photoelectrons in
different time slots is measured relative to the mean background
photoelectron level. Therefore, the probability of receiving
pattern n = (nl, Ny eees nQ) where n, is the number of photo-

counts in the fth slot, conditioned on sending the synchroniza-

tion pattern characterized by m ., can be written in the compact
form:
-Q

P(gigk) = (Y21 o) exp[-An - Nsmk) *+ (n - Nsmk)/an] (2.18)

The analogous probability distribution for the
information block, relevant to the decoding problem at hand,
is of a simiiar form, with the following replacements:

Q > ngq + (np - l)gy and m_ > m .

2.4.2 Fading Signal

If the signal is not deterministic, it is useful

to introduce the vectors M (N_) and M (N.) related to the vectors
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m, and mo, respectively. Vector gk(gs) can be obtained from
vector m by replacing its non-zero components (equal to one)
at positions k, k + d12’ ceey k + dlns by Nsl' st, ooy Nsns'
Similar relations hold between gu(gs) and m,- With this

-y

notation we can write

P(n|m , NJ) = P(n|M (NJ)) =

e (W77 99 expl-(n -  (n -
= (y271 9) exp(-(n - M (NJ)) (o - M (NJ)/257]) (2.19)

E and

F (B o)
PP (nlm ) = // P(gmk(_zgsnp(gS)dnst (2.20)
o

Here, PF(QJQK) is the probability of receiving pattern n
conditioned on sending a synchronization pattern characterized

by m for fading signals: P(n{M (N_)) is the probability of
receiving pattern n conditioned on sending a synchronization pat-
tern characterized by gk(gs): and p(gs) is the probability

distribution describing the fading of the signal.

In this study we assume that pulses are uncor-

related; therefore,

P(NG = I p(N_,) (2.21)
i=1
The probability distribution for the information block has a

similar form (with obvious replacements}).

At present, there exists no satisfactory model
of pulse fading for the problem at hand. Therefore, we decided

to use a much simpler fading model which allows us to probe

l T-2/511-3-00
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into fading-induced performance degradation.

A natural gen-

eralization of this model can lead to the establishment of bounds on

the performance degradation, as well as a better understanding

of how accurately the fading law has to be known in order to

allow a sufficiently tight performance evaluation. Our apprcach

is discussed below.

Let the signal fading be governed by some probabil-

ity distribution which looks like the one shown on Fig. 2.6,

PN T T

Figure 2.6 Hypothetical Probability Distribution

of Fading Signal

NS = mean value

To bound the performance of the signal processing

schemes of interest we can replace the distribution in Fig. 2.6

by a much simpler distribution shown in Fig.

T-2/511-3-00
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P'(N)

Figure 2.7 Simple Model of Fading Signal

Po = Probability of NS taking on value NSl

This distribution is given by a combination of two Dirac delta

functions
' = § - - . - .
P (NS) Po‘(Ns Nsl) + (1 Po) (NS NsZ)’ (2.22)
The following simple relations hold:
Ng = PNgp + (1= Po) Noo,y
(N - N )2 = var N_- =P (1 - P) IN - N 1% = (N_.-N ) (N_-N_)
s s Vs o o) sl s2 s2 s s ‘sl
N -N)>= 28 - N . =N (. - N )(E. - N_.)
S s sl Ts2 S sl s sz’ ¢t (2.23)

where the bar denotes averaging in the ensemble sense.
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The term "contrast", C, is defined as

[Var{NS}]l/2
C = — (2.24)
N
s
These expressions could be used, to relate Po, Nsl'
and st to the first three moments of distribution p(NS). On

the other hand, one can determine the two lowest moments and
vary the remaining parameter to produce different types of

fluctuating signal behavior.

Of special interest is a distribution in which N,

is equal to zero. Then Po can be interpreted as the probability

of "losing" a pulse (actually, for some algorithms with a threshold,

a pulse will be "lost" when NSl falls below the threshold value).

In this case,

Po 1/2
C:
1 ~-P
o
N = - (2.25)
NS st(l PO) s
and for small values of PO
c p /2
O s
S Nes (2.26)

The natural generalization of the fading model, mentioned pre=
viously, consists of taking a combination of more than two Dirac

delta functions, 1i.e.,
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k-1
Kk - -
g %NS) B, 6N N, )/
2.=0
where
k-1 (2.27)
PQ, =1 ’

and k is a small integer. Some of the parameters of this dis-
tribution can be determined from the moments of the distribu-
tion p(NS); other parameters can be estimated from global consid-
erations; and some could be allowed to vary, reflecting the lack

of precise knowledge of the fading law.

Let us also point out that with the choice of

NSO = 0 and Pi interpreted as a probability of a signal falling

into an interval (N_., N_, ), the prnbability distribution
(k) sk st + 1

P

(NS) can be used to bound the performance degradation of

a larger class of detection algorithms.

Note that the SNR defined inSection 2.4 is given by:

(N)*
SNR = (2.28)

5

-

2
Q
Thus, its numerical value does not depend on the fading. In campar-

ison, the other definition, given in Section 2.2, has the form:

e SNR

s .2

when fading is present. 1 + C~ SNR

In the limit of large signal values and for fixed contrasts

SNR _ %~ 1/¢c? (2.30)

(Eg. 2.29 is valid only when the signal-generated shot noise

is negligible.)
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2.5 SPECIFIC VALUES OF SELECTED PARAMETERS

Two types of messages are considered in this work; a
"short" message (2 or 4 information pulses) and a "long" message
(24 information pulses). Following reference (1), for short
messages Z (number of information blocks) is taken to be unity
and for long messages Z is set at two. There are some differences
between the "long" message formats discussed and those suggested

in Ref. (1). Those diffecrences will not substantially alter the

conclusions of the analysis.

The number of parity checks and synchronization pulses
vary over a range encompassing the values suggested in Ref. (1).
The number of synchronization pulses was varied from two to six
and the number of parity checks per block was varied from zero
to five. In the detailed analysis to follow, all numerical
values for the number of time slots g in a frame, the number of
time slots dp in the "dead" time, time slot duration ts’ and
observation time T, were taken from Ref. (1). Following Ref. (1),
we assumed that messages are sent cvery T minutes for both the
"short" and the "long" messages. (Selection of different values

of T for the "short" and "long" messages may be more practical.)

The .alues of the thresholds of differert algorithms were
selected to glve maximum crior probabilities (per synchronization
segment or i1nformation bleck) equal to 10—4, 10-8 and 10_12.
Assuming a continuous mode of operation of the SLC (messages
sent ¢very T minutes), the higher value of Max PE (10_4) will
give the number of incorrectly decoded messages as being srnaller

than (52.5/T) (1 + Z) per vear, approximately.

Several figures and tradeoffs will be presented tor
probabilities of correct decoding taking on values .99, .999

or .9999 per message.
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3. PERFORMANCE COMPUTATIONS

3.1 UNION BOUND

An exact performance evaluation of the several algorithms
listed in Section 2.1.6 may require a rather tedious numerical
analysis. Consider for instance algorithm A: the pattern is in

position k 1if:

Sy =n s m >S5, =n-m (3.1)

If Kk denotes the true pattern position of the synchronization

pulses, tnen tne probabilities of correct synchronization PSD
and erroneous syncnronization PSE are given by:

P = /dnl.../dnopQllmk)"(sk’sz) (3.2)
PSE =1- PSD
where . £ [ 1
> = !
(ss,) = (P ME ST S, ik "
“ 0 otherwise

and n are continuous random variables (therefore, the probability

that different Sk's are equal is negligible).

If a signhal pattern consists of a single pulse, the exact

calculations (for Gaussian probability distribution) are straight-

forward, and one can obtain compact expressions for PSD or pSE‘
1T-2/511-3-040
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For patterns consisting of many pulses, calculations can be quite

tedious and, in practice, one computes approximate values or
bounds on these probabilities. One of the bounis aliowing a
simple interpretation is the so called "union" bound.

The following diagram illustrates the possible outcomes

of pattern detection,

|3
()

P (k, k)

-—»

oooo."‘;oooo

LY correct
&
pattern sent (4
L &)
in position Kk .
L ]
®
OEQ

Figure 3.1 Possible Outcomes of Pattern Position

Detection (Complete Detection Algorithm)

Here, the pattern was scnt at position k; P(k, k) 1is the probabil-
ity of correct detection and P(k, +), (i # k), 1s the probability

of detecting the pattern at an errcneous position K.
The probability of erroneous synchronization and correct

synchronization are given by:

(3.3)
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Calculations of P(k, &) are of the same level of difficulty

as those for P These calculations are simplified by the

sSD*
introduction of the union bound obtained when the probabilities

P(k, ) are replaced by P(k, 1), where P(k, %) denotes the

pairwise error probability when pattern m _ was sent and pattern

m, was the only alternative as shown on the diagram below (Fig. 3.2).

L

- SRS

)
3

Eh( é (k,k) 4"'5\'}(

correct

Figure 3.2 Pairwise Error Probability P(k, ()

Since P(k, &) > P(k, %) we obtain the "union" bound

0 Q
1 - Pgp = Pgg ~ Z Pk, 5 iz Pk,
L =1 t=1 (3.4)
¢ #k R#EK

A tighter upper bound on error probability is given by
the Gallager boundSS)Futher simplification can be obtained by
using a bound on P(k, £). Either the Chernoff bound or its
special case, the Bhattacharryya bound may be used for this
purposefs)lt is not difficult to devise a variety of other bcunds

which are useful in calculations of error probability.
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Note that a possible outcome of the detection algorithm
may include a failure component as shown in Fig. 3.3.

o
om,
.
®
L ]
rn_k P(klk) > & —
- correct o
b °
pattm) N(Q .
in position k 2 -\\\\\\\’o
‘n

Figure 3.3

Possible Outcomes of Incomplete
Detection Algorithm

This is the case when incomplete detection algorithms B or C

(see Table 2.1) are used to establish the pattern position.

In this case probabilities of error and detection are

given by:

T-2/511-3-00
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and a properly modified "union” bound may be used to bound
probabilities of error and detection.

Note that the algorithms B and C (Table 2.1) can be
implemented in two steps. For instance, algorithm C can be
implemented by first applying algorithm A, to select the most
likely pattern position k and then test if the sum of the
outputs from the signal slots exceeds the threshold value. This
is illustrated with Fig. 3.4. These two steps may be performed
in reverse order as well. The discussed approach applies to the
decoding problem and the problem of detection of the pulse

position within a single frame.

Most likely pattern position: Threshold test

nmo>nm.,(k#Kk") nmo>8

PB = Probabil:t that signal PD = ?::S:?LI:EY.ES:; ::92?} a
attern 3+ "la t of* b » ¢ an
P n rgest o above the threshold

P.. = Probability that signal
pattern or noise are
“largest of" but below the
threshold

message

. o - s P i . . o 2 it o

PE = Probability that noise is
"largest of" and above the
threshold

P2 = Probability that noise
pattern is "largest of”

Figure 3.4 Two-step implementation of algorithm C
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3.2 PERFORMANCE EVALUATION FORMULAS

In this section, we present the expressions for the probabil-
ities of error and detection used in our performance evaluation.
The derivations are based on the union bound with appropriate
modifications when necessary. If we assume a deterministic
signal and additive Gaussian background noise, we obtain the

foilowing formulas.

3.2.1 Algorithm A (Most likely pattern position)

k: {n - m, > “'Ek' for all k' # k}

n
S

1 - Py = Pop £ A(d) P[d - SNR],
d=1

(3.6)

where

B(x) = 1/2 erfc (Vx/2) .

This algorithm can also be applied in decoding
("soft" decoder) with replacements (k, k') = (u, a'), ng > ng,
etc., as well as for computation of frame errors ag- (In this

case ¢ = 1 and A(l) = g - 1.)

3.2.2 "Hard" Decoder In Absence of Erasures

For the "hard" decoder we have considered three

error correcting and error detecting schemes.

3.2.2.1 Error detection , n_ > 0

p
n

. F

Pp " 3¢
n
F ne-k

. 1 ANPLEPN (3.7)

PET g T 2 <k> £ “d
k= n.+1
p
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3.2.2.2 Single error correction, n_ > 2

P

Poragt + (1) @ ag‘rl

Pe = — T (ng - np) (2>aﬁpade*”FZ<)aEaa

-n P
o ’ kengtl (3.8)
3.2.2.3 Double error correction, np > 4
g n ( ne-D n (”F'z)
pp-tag + (Y)eog (57 # 3
- . NS
PE - 1n - (nF h np)(nF nD* 1) (nnF_ ) a(Enp U(aQF an
(g1 P 2 p
(ne - nolne+no-l fngy N (npemgh - ngfng-D) DE(np) L Lnek
+ __,F,,ﬂ,_ PZ,___F,_R__ (n > aED ad Py ——2—‘-‘ K aE ad
P K S (3.9)
p
Note that although ap tag= 1, Pg # 1 - Ppe
3.2.3 Algorithms B and C (Thresholds)
Algorithm B
k: {pn * m >n - m, +  for all k' # k! (3.10)
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-48-

e e S et it il




T

and o: {max Pop = selected value}

n
Pep = Zf Al (1721 erfc {Z(dit

(3.11)
N
1- PSD < 02; Aldy (1/2) erfc 1yld) .,
where
.1 T [CNR
20 - ,—er 2yam +d \SNRf,
7 . . l ~ ‘{_« SNR
Y .a) éTa' ’ ‘aTH + O‘[SNR E‘ ,
and 2

In the derivation of 1 - PSD in Egqg. 3.11, we have
assumed that if the synchronization pattern position was detected
correctly using algorithm A, it still must exceed all other
possible outputs of the algorithm by a required margin. A
failure to pass any of such comparisons results in a detection
failure. The expression for the bound on 1 - Py is tight when

the probability of a single failure in any of Q - 1 comparisons
1s sufficiently small.
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Algorithm C
ki {n e my>nemy andne my s B for all k' #k}

and

(3.12)
£: {max Pep = selected value }
| ns
- Pgr &> ALD) Plng, SIR, 0
| 61
n P SANR 1T
] S P } {1 N SRR Biop | (3.13)
' : Y3 SR v 12erfe l 2 ‘
1 - pSDél.z Z Ald) erfc (~»--2——-) N 2 :TTE’S;
01
byy = (3/9,)°
8 where
o 2 -(ng - ar saR 12
Pin, SNR, ¢ = _ | / - g
S ' TE—- e
Z‘ZnnS £, erfc (L) &z
Cnp
L ?l_ ‘ (2nS d ‘SJR -2 }
‘ ‘Lns'd ) \FZ_ ‘
{
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The second term in expression (3.13) for UrPSD), gives the
probability that the synchronization pattern, when detected

correctly, will not exceed the required threshold.

Algorithms B and C can also be applied in decoding
("soft" decoder with threshold) with replacements (k, k') » (a, a'),
ng > ng, etc., as well as for computation of probabilities of
error, erasure and detection of pulse within the frame. Note,
however, that the computation of a threshold value in case of
the "hard" decoder depends on the choice of a particular error

and/or erasure correction, error detection mode.

3.2.4 "Hard" Decoding in Presence of Erasures

£

The number of possible algebraic decoding modes
increases considerably when one of the possible outputs of a

pulse detection algorithm within a frame is an erasure.

To describe different decoding modes it is useful

to introduce the following notation:

tE(m) = number of errors corrected in presence of m erasures
te(m') = number of erasures corrected in presence of m' errors
€e.9.: SE(2) = five errors corrected in presence of two erasures.

Then different decoding modes can be described by a set of n imbers.
tel = (e (0), ..., tg(k)i £, (0), .., t (k"))

The decoding modes listed in Section 2,1,6, in this notation,

are given by

error and erasure detecting mode, np > 0,
= . ' = O }
{OE(m) Op s Oe(m ) e)
{tt = {oﬁ, oei ,
T-2/511-3-00 -51-
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single error correcting, erasure detecting mode, n

| v

p
{t} = {lE(O); Oe}‘

double error correcting, erasure detecting mode, np

}

e

{t} {ZE(O): 0

One example of the decoding modes we have considered is described by

{t} {ZE(O), 1.(2); 2

o (1), £_(0),n

E 24, 2<tz<n

P p

In this mode all double errors are corrected in the absence of
erasures, all single errors are corrected in the presence of
double and single erasures, (also single and double erasures

are corrected in the presence of a single error), and te erasures

are corrected in absence of errors.

We have listed below some of the formulas used to

evaluate the probability of correct decoding and the probability

of error:
L4 0p, 0.:
, _ _(n)
PL(0g, 0g) = ag'F N
-n, ‘ nF> () a(nF—k) (3.14)
Ppl0g, 0g) = (@ - 1) k/ % %a
k=n_+1
P
L 'lOE, te(O))
S n (n.-k)
. - o F (x) F 3 1f
L0, £ (0)) = PL(0L, 0) + E (k ) ¥ ay ( )
ko1
. . nF
= a n (n_.-k)
' - . © F k (k~7) F
PpiOg, ta(0)) ~ PL(0L, 0.) + e (k ><2> ag ay
1 (q-1) P ki +1
P
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e (1,00, 0}

ne (nF-l)
1 - +
PR{1p(0), 0) = PAO, 0) + \ "] ag ay R (3.16)
F
-n_+1 n (n ) (n_-n) n (n,~k)
. . _ p _ F ) F F k) _F i
Pi(lp(0), 0,) = (g-1) 3 (ng = n) (n >aE as" Peong E (k ) ia
p k=n_+1
P
s {1.(0), te(O))
S n (n_.-k) )
. - 25: FY (k) F (3.17
PD(lE(O), te(O)) = PD(IE(O), Oe) + (k ) a, ay
k=1
t (t) i
a n (n_-k)
, e Fi{x) (k-1 °F
PE(lE(O), te(O)) x PE(IE(O), Oe) + 7 (k )(2) ap ay
t=1 (g-1) P k=n_+1
. {lE(l); le(l), te(O)}
' ' 5 (nF> (n.~2) (3.18)
PD(lE(l): le(l), te(O)) = PD(IE(O), £ (0)) + AW ae ap ad
Pé(lE(l)' 1e(1). CC(O)) = Pé(lE(O), te‘o)) +
n
-n_+2 n n (. -1} {n_-n) n (n_-k)
) o } F p) pot METRp ) Fy(k) (k-1
+ {q 1) [(nF np) (n > (1 a, a.t ay + (ng l)ae (k )(1) éE ay
k=n +1

. ﬁZE(O), 0}

e
"E) o e (3.19)
: =P (i(0), 0 + LUF) at a F
pD(ZE(O)’ Oe) D' E ' Ve 2 E i
-n_+2 (n_~n }(n_-n +1) n (n =1) (n_-n_+1)
f F p Fop F F
PL(2.(0), 0,) = (q-1) P [ > (n -1) ag ay
n
F ‘n.-X)
(n_=-n_) (n.+n_=1) /n (n ) (n_-n) n.(n._-1) " (k) ‘ng
F F F rl
¢ 2 = (n ) 2’ 2y t T <A ag
P k=n_+1
P
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. (ZE(O), te(O))

— e —————

PL(2,(0), £ (0)) =

Pé(ZE(O), te(O)) = Pp(2.00), 0

e

L LZE(O), 1.(D; le(l), te(O)}

E

P5(2E(0). 1.1 le(l), ta(0)) =

E

Pp (25000, 11 1,(1), ¢ (0)) =

b4 ifE(O), IE(2); 28(1), te(OH

P5(2E(0), 1.(2);

n (n_=-3)
F 3 2 F
* <3) <2) 3 %% 4

(25(0), 1

g 2e(1), te(o)) =

Fe E(2):
-n 43

+ (g-1) P [(nF—np)

3.2.5

n (n_-
' F (k) F
PL(2,(0), 0,) + Z(k ) a, " ay

2e(l), te(O)) =P (EE(O), 1

(n -2)(n_-n_) F n -k)
2 ,p Flp 2 F\ (k) (x-2f"¢
e 3 ay + (nF-Z) a ( )( ) éE a

t

k)
(3.20)
k=1
t a{ nF n
e F\f x _ {n_-k}

* ‘*"“ngif E : (k )(z) é; i)adF

= -1 k=r_+1

1 (g-1) PP

) (nF 2 (n_-2)

PR(2(0), e (0)) +( 7)1\ 1] a aca, (3.21)
-np+2
PE(ZE(O), te(O)) + {(g-1)
"
n n (n_-1)(n.-n_) n (n_-k)
F P p F ''p _ F\[k k-1) 'F
(n ) (1) 2% ¥y + (np=1) A, E ; (k )(1) AE 34 ]
k=n_+1
P

. . . .22

PHI2E 10V, 115 1 (1), t (0)) + (3 )

(s 1,01, t (0)) +

E E

n

e k
k=n_+1
P

2 d

Performance Formulas in the Presence of Fading

Let p(N_) be a probability distribution describing
-s

the fading of the signal,

therefore,

We assume that pulses are uncorrelated,

n
s
pN) = JI p(N_D) (3.23)
i=1
T-2/511-3-00
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Denoting the average of the function f(+) by <f(§s)>

where

we can write g

3.2.1 and 3.2.2 in the following form

where

where

and

T-2/511-3-00

N
—5

CE(N ) D =
N N, S stns £(N)P(N)

generalization of the expressions in sections

(3.24)

3.2.5.1 Algorithm A

n
S
Psp iazi: A(d) P*(d),
d=1

1] -
(3.25)
N4y + N, + ... N
B*(q) :% Cerfec -S1 52 sd
2 d R
v : Ng
3.2.5.2 Algorithm B
n
S
Pop < E A(d)1l/2 - erfc 2*(4) N ,
d=1 —S
n (3.26)
5
I =P 2 E Ad)1/2 Cerfe Y*(d) ) )
d=1 =s
N .+ N_. + + N
1 2 sd
Z2*(d) = _.l_ dth + S s 3 ’
2‘ d ‘
N .+ N__ 4+ + N .
vr () = 1 _ at} N sl b% sd
24 d !
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3.2.5.3-Algorithm C

n
S

Pop < D, ALQ) Pring, I,
d=1

n

S N . +N ., + ... +N
sl s2 sd
1 - Pgp < 1/2 E A(d) <erfc ( )>N

a=1 204D o s

(3.27)

where
2
_ - y(1 Q)
P*(x\,d)———lw<fey erfc (a ( 5 dy >
s 1 -0

2 T b N,

and
Ny v Ny + Neg |
a,, r
JZn 0
s U
g - (NSd + + N )
SI
b =
JZnS v
d
o= 1 - 5 -
S
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T

(n, - m - 1) {SNR
+ (n_ - 1)(n_ - m 1/2 erfc S
2 n, -1 (1 ~-"P)
J s o

b + ) & SNR/ (1 P )

- ) n - m 3 - P

+ 1/2 erfc { TH 5 \ ° } '
’2nS

S
b =¥5— .+ a (m = — ,
e} 2n ] JZ” (1 -7 )
o
b SNR(1 - P )
b 2 '
TH = (./2 ) , by (m) = N
N 1 v2n‘
——

|
(nS - m- 1) ‘ SNR

= l/n ’ a (m) =
g S 1 ’2n (1 - P )
S [@)

Again, valucs of 5R(m) and PD(m) should not exceed unity.
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The above formulas, bounding probabilities
of error and detection, are valid for the decoding problem
as well as the pulse detection within a single frame. For

certain models of fluctuating signals the bounds may not be

sufficiently tight. One should also remember that in evaluating
terms of the form

(A(d) f(d, N) >N
—S

the value of <A(d) f(d, N)> can not exceed unity.

In addition, one can easily obtain better
approximations for certain fading models. For instance, when
the model of a fluctuating signal in which a pulse is "lost"
with probability PO was used (see Section 2.4), we bounded the
performance of algorithm C for the detection of "maximum" distance

synchronization patterns using the following formulas:

ng ns—l
- < - +
1 - Pgy P+ ng P (1 -P))
n_=-2
> m Ng™M (Ng\ ~
+ E P, (1 -P)) (m> P ytm o,
m=0
(3.28)
n -1
. n_-m <ns> -
Pep < P (1 -P) n /) Ppim
=0
n r o2
+ P ° '-—i;—./. dy e Y erfe(-y)
o L .
o
T-2/511-3-00
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3.3 SELECTED NUMERICAL RESULTS AND DISCUSSION

In this section the performance of different signal
processing schemes will be evaluated for the selected parameters
discussed in Section 2.5. The numerical results are based on

the formulas presented in Section 3.2.

3.3.1 Algorithm A (Synchronization, "soft" decoder,

frame errors)

In Fig. 3.5 we have plotted the union bound as
applied to the probabilities of synchronization (on a logarithmic scale)
vs. SNR for a numwber of synchronization pulses and twa classes of synchroniza-~
tion patterns defined in Section 2.1.5: "maximum distance"
synchronization patterns (patterns a) and patterns of equally
separated pulses (patterns b). The value for Q was taken from
Ref. (1). When the bounds on the probability of error approach
unity (which is a region of little interest to us), the bounds
are not very tight. 1Indeed, the probability of error never

attains unity even for SNR = 0 (then it is equal to 1 - 1/Q).

The probability of synchronization error decreases
rather rapidly as we increase the number of pulses for patterns
a. Note that for a relatively low SNR, the term proportional to
Q « P (nsSNR) dominates the error probability. In this case the
error patterns are distributed (with similar probabilities)
among all Q - 1 = Q possible pattern positions. In this region
of SNR the probability of error for patterns a and b are approx-

imately the same.

As SNR increases, the subclass of possible error
patterns which overlap with the true pattern position begins to
dominate the error probability. In particular, for patterns a, for
sufficiently high SNR, Pgp = n (n_ - 1) 5((nS - 1)SNR). For
patterns b, pSE = 2 P(SNR) and is independent of ng (for ng > 2).

This type of behavior 1s displayed in Fig. 3.5. As SNR increases,
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Fig. 3.5 Performance of synchronization algorithm A
Probability of synchronization error vs SNR/pulse for
different numbers of synchronization pulses ng

Pattern a 1s maximum distance pattern
Pattern b is pattern of equally separated pulses
Q = number of possible pattern position during observation time
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the probability of error for patterns b (for three and four
synchronization pulses) decreases at a slower rate than for
patterns a. At some value of SNR, the probabilities of error
for patterns b with three and four synchronization pulses are
practically equal and at larger values of SNR the probability
of error for these patterns approaches the probability of
error for the pattern of two pulses. Note also that the probabil-
ity of error can be well approximated by segments of straight
lines in different regions of SNR values. It is obvious that
the "maximum distance" synchronization patterns are far better
than the patterns of equally separated pulses. Therefore, this

is the type of pattern which was selected by us for the trade-
off analysis.

In the detection of synchronization patterns, the
formulas for probability of error do not take into account the
effect of the preéénce of information pulses. It 1s clear,
however, that we should add at least n * Z - g terms, each term
equal to P((ns—l)SNR) which corresponds to the synchronization
error patterns having a single overlap with the information pulses.
In addition, there might be terms corresponding to two or more
overlaps ( they are message-dependent). As noted before, in
order to have a complete expression one needs to know the relative
configuration of synchronization pulses vs. the pulses in the
information segment, the separation between the frames, etc.

The degradation due to these effects can be controlled to some

extent but it deserves further attention.

The probability of error vs. SNR for a "soft"
decoder (single block) is illustrated in Fig. 3.6 for three
values of the number of information pulses. The graphs show
how the probability of error changes with the increase of the

number of parity checks. There is a change in slope of the
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curves as the number of parity checks varies, and as the value
of SNR increases. The latter change is more noticeable for the
lowest numbers of parity checks. 1In addition there is a shift
toward lower SNR values as the number of parity checks increases.
When SNR approaches zero, the probability of error approaches
unity; in the region where probability of error is high the
graphs are not very accurate (an undesirable property of the

"union" bound).

In general, the comparison of the three graphs in
Fig. 3.6 is indicative of a general tendency, i.e.: probability
of error increases with the number of information pulses. It
1s clear, however, that rfor a fixed number of parity checks a
small relative change in the number of information pulses will

cause only a small change 1in the probability of error.

Fig. 3.7 shows the probability of frame error vs.
SNR. Since the computations were based on the "union” bound,
at very low SNR values (probability of error approaching one)
the graph does not give a tight approximation of the error
probability. It is worth noting, houwever, that numerical cal-
culations of the error probability can be carried out using the

exact expression for the frame error probability:

- _ 1 , /SNR 2 1 - Loy d-1
ap = 1 = ./F exXp { -(x - —7—) ; (1 - 5 erfex) dx (3.29)

V — .

3.3.2 "Hard" Decoder In Absence of Erasures

In Fig. 3.8 - 3.10 we have plotted the probability
of decoding and the probability of error for a different number

of information pulses and parity checks 1n three detection modes
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based on the probability of the frame error shown in Fig. 3.7.
Figures 3.8a, 3.9a and 3.1Ca show this dependence in the error

detection mode.

The probability of detection decreases slightly
when the number of parity checks increases, and the change is
smallest for twelve information pulses (because this produces
a smaller relative change in total number of pulses in the
block).

The probability of error decreases rapidly with
an increase in the number of parity checks. Note the abrupt
change of the probability of error at low SNR values is artifi-
cial. In the region where the "union" bound fails to give a
tight approximation to the probability of fr-ame error, we bounded
the error probability by - l/an. A better numerical approx-
imation for the probability of frame error will give a smoother
transition. When the probabilities of decoding and decoding
error are considered in the single error correction mode (np12),
(Figs. 3.8b, 3.9b and 3.10b) we note that the probability of
detection i1mproves in comparison with the error detection mode,
but at the cost of a higher probability of error. At low
SNR/pulse values the probability of error is bounded by
= nF/an’l.

Other relationships such as the dependence of the
probabilities of error and detection on the number of information
pulses and parity checks are similar to those described for
Figs. 3.8a, etc. A continuation of the tradeoffs between the
probabilities of decoding and decoding error is illustrated in
Figs. 3.8c, 3.9c and 3.10c for np:4. Here the decoder is operat-
ing in the double error correction mode. The probability of
error at low SNR values is bounded by nF(nF—l)/anP-z. Note
that, 1in contrast to the soft decoder (without threshold), the
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probability of error does not approach unity (for np#O) when SNR
approaches zero. For any given num.er of parity checks and SNR
values, the "soft" decoder gives a better probability of detec-
tion, as should be expected. A "hard" decoder might give a

lower arror probability. However, to compare the performance of
the "soft" and "hard" decoders when the probability of error is
one of the performance parameters (in addition to the probability
of correct decoding), one should modify the decoding algorithms
appropriately, by introducing a failure mode, which can be
implemented in a form of thresholding. Thresholding may also be
beneficial when introduced at the level of pulse detection within

a single frame.

3.3.3 Algorithms B and C

Figures 3.11, a through ¢, show the probabilities
of detect’on of the synchronization pat*ern for three different

values ol maximum probability of error, max P when algorithm B

E 4
was used 1n det-ction. The values of the threshol s, VaTH’ for

alfferent numbers of synchronization pulses are tabulated below.

h L PE 1074 1078 Lo~12
s
2 13.84 16.24 18. 35
3 16.95 19.89 22.47
4 19.57 22.98 25.94
5 21.88 25.69 29.01
6 23.96 28.14 31.78
It is c¢vident that the probability of detection
calculated with algorithm B deteriorates rather rapidly with

lncreases in max PE and also with decreases in the number of

svnchronization pulses.
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Analogous graphs for algorithm C are shown in

Fig. 3.1¢. The values of the Uueshok&,‘}bTH,for different numbers
of synchronization pulses are tabulated below.

\“\\jnax P _ _ _

ng \E 1074 1078 10712
2 9.78 13.40 16.90
3 11.98 14.16 17.32
4 13.83 16.24 18.61
5 15.46 18.16 20.52
6 16.94 19.89 27.4

The performance of algorithm C is clearly superior
to that of algorithm B. The same is true for the decoding
algorithm, and also for pulse detection within the single frame.

Therefore, in tie following investigations we consider only algorithm C.

Let us note, however, that a combination of
algorithms B and C may offer some advantages deserving future

attention. Such an algorithm would have the general form:

The pattern is in k-th position if

13
e
=i
E]
o]
+

for all k' # k
and (3.30)

3
|3
v

with thresholds chosen in such a way that max PSE does not ex-
ceed some preselected value. The additional freedom that we
have 1in selection of the threshold values could be used to
minimize the value of SNR/pulse for which the probability of

detection attains a satisfactory valuec.
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The probability of decoding vs. SNR/pulse is shown
inFigs. 3.13, 3.14 and 3.15 for two, four and twelve information pulses
per block, respectively. 1In all of these we have considered
three different values of max PE. The values of the thresholds,
{b—T:I' for different numbers of information pulses and parity

checks are tabulated below for algorithm C.

\\\\\Tif\?ﬂ -4 -8 -12

n. 10 10 10
h R nB L
0 11.75 15.59 18.71
1 12.02 15.80 18.86
2 12.90 16.82 20.01
2 3 13.90 17.98 21.34
4 14.95 19.14 22.70
5 15.99 20.30 24,02
0 26.13 34.27 40.89
1 22.81 29.54 35.07
2 22.30 28.44 33.64
4 3 22.63 28.41 33.46
4 23.30 | 28.83 33.79
5 24.13 29.47 34.40
'
0 86. 32 110.92 131.24
1 68.90 86.39 101.23
2 63.16 76.92 89.42
, 12 3 60.92 72.18 83.23
4 60.03 69.62 79.61
5 59.76 6€.27 77.41
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Together with Fig. 3.6 where max Pp=1 ("soft"

decoder without thresholds) these graphs show the dependence of
the probability of decoding on max PE'

The figures also show
the range of decoding improvement obtained with an increase in

the number of parity checks. Note that the peak of the error

probability (not shown) is not at SNR = 0.

3.3.4 "Hard" Decoder in Presence of Erasures

Finally, we have applied algorithm C for pulse
detection in a frame; the results are then used to compute the
overall performance of the "hard" decoder. Since there are
many decoding modes, we selected those which gave the minimum
value of SNR when the required probability of detection was of
the order of 0.9999 for a given value of max PE‘ The selected
decoding modes are presented below in tabular form.

G -4 -8 12

n, \hE?\\ 10 10 10
0 (oE, oe} (05' oe) (oE, oe)
1 {0g, 0} {0, 0,) {0g, 0.}

2 2 g0, 1,01} {1.00),1,(0)} {100y ,1,(0)}

3 {1g(0)y, 1,(1), 2,(0)) {1.(0),1_(0)} {100,100}
4 {2,000, 1p(2), 2,(1), 3,000} {2.€0),1.(1),1 (1),2,(0)}] (1.(0),1 (0))
5 (20000, 1p(2), 2,(1), 4,(0)} {2,(0),15(2),2.(1),3,(0)} (2E(0),1E(1),1e(1),2e(0n
0 {0g, 0} (0, 0.} {0g, 0.}
1 tog, 0.} o, 0.} {og, 0.}

y |2 {1g(0),1 (0} {0p, 1,000} {1g00),1,00))
3 {1 (1), 1,(1,2,(0)) {15(0),1 (0)} {12000 ,1,(0)}
4 (25000 ,1(2),2,€1),3_(0)) (200101 1) 41, (1), 2,(0) ) {1.(0),1_(0))
5 {2p(0), 1.(2), 2,(1), 4,(0) (25000, 1.(2),2,(1),3,10)) (25(0),15(1),1e(1).2e(0u
0 {0g. 0.} (o, 0} {og. 0}
1 {OE, oe) (oE, oe) (OE, Oe}

12 2 {1g(0),1,(0)) {0, 1,(0)) {og, 1,000}
3 1gh 1,01y ,2,00)) {15(0),1_(0)) {1.10),1,(0)}
4 {2,000 ,1p(2),2,(2),3,(0)) g1, (1,200} {1g(0),1,(0)}
5 {2000, 1.0, 2,(1), 4_(0) A2p(0) 101, 1,01, 2,000 3] {1p(1),1 (1) ,2,(0))
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The values of the thresholds, "bT ' corresponding to the selected

decoding modes for different numbers of information pulses and
parity checks, are tabulated below.

a
e 1074 1078 10712
By nP

0 4.86 6.39 7.68
1 3.10 4.28 5.21
2 3.22 4.39 5.33
’ 3 3.27 3.34 4.16
4 3.33 3.46 3.46
5 3.14 3.46 3.45
0 4.86 6.39 7.68
* 1 2.87 4.28 5,21
l 4 2 3.11 4.39 5.33
3 3.22 3.34 4.16
4 3.34 3.46 3. 34
5 3.13 3.46 3.46
0. 4.86 6.38 7.68
1 2.87 4.28 5.21
2 3.34 4.39 5.33

12 3 3.45 3.46 4.28 |
‘ 4 3.46 3.57 3.46
5 3.15 2.75 3.57

The resulting probability of decoding is shown in
Figs.3.16,3.l7and3.18fortwo,fourandtwelveinformationpulses
per block, respectively, and selected decoding modes. As for

the "soft" decoder, we have considered three different values
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of max PE and different numbers of parity checks. In the case
of a higher number of parity checks and lower error probabilities,
thresholding was not required but could lead to some improvement
(usually rather small). This happens, for instance, when there

1s clustering of the curves, e.g., for 5 and 4, or 3 and 2 parity
checks and max PE = 10_4. Note that the choice of decoding

modes depends also on the selection of the required level of

the probability of detection. Other decoding modes often

resulted in performance comparable to those selected.

Our computations were based on the "union" bound.
When the probability of detection of a pulse was equal to zero,
the bound was set to zero for lower values of SNR/pulse. This
procedure led to an exaggerated importance of erasures. More
precise threshold values and better selection of decoding modes
can be mide when frame errors are computed numerically from

the exact expressions.

It is useful to note thatfor a larger number of
varity checks, the degradation of the decoding probability with
an increascd regquirement on max PH is small or absent when
compared with the performance of the "hard" decoder without

crosures, described in Section 3. 3.2.

3.3.5 Performance Formulas in Presence of Fading

After selecting tie signal processing schemes designed
to neet the performance regquirements “>r th~ non-fading signal, we
assessed theilr performance degraaaiion due to fading. The
simplified model of signal rading, wihich allowed us to probe
into possible effects of fading on algorithm performance, was
described in Section 2.4. A special case of this faaing mocel
in which a pulse is "lost" with probability PO may lecad to an

especially serious deg adation.

Figures 2,19 through 7,23 illustrate the dependence of

the probability of detection of synchronization pulses on SNR
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for two to six synchronization pulses. Each set of the three
graphs shows the performance of algorithm C in the presence of
fading with thresholds selected for the maximum allowable

probabilities of error, in the absence of fading, equal to 10-4,

10~8 ana 10712,

We have selected the probabilities P_ of losing
the pulse at values 10-2, 10_3, 10-4, 10-5, and zerg. For such
values of Po' the contrast is approximately equal to Po' The
degradation caused by the fading is apparent. One interesting
feature, especially clear (for the displayed range of SNR values)
with two and three synchronization pulses, is that probability
of detection becomes constant at sufficiently large SNR values.
In fact, the appropriate expressions in Section 3.2.5 give the

following asymptotic behavior:

n n_~1
S S
1l -Psp RS> = Po t 0P (1 - P,
(3.31)
ns—l nS
Psg sNR > =" Psfo (1 = P,) + P," Pgp(0)

where PSE(O) is the error probability (not exceeding max PE) for

SNR equal zero.

The above behavior of (l—PSD) in the limit of
large SNR values is desirable for the SLC applications. The

synchronization pattern will not be detected if all, or all but

one, synchronization pulses are "lost". (The second factor in
the expression for (l-PSD) and the first factor in expression
for Pop will be proportional to (ns-l) rather than ng if the

"union”" bound is not used in the calculations.)

The fact that the probability of detection is

bounded no matter how large an SNR we have is referred to as a

T-2-511-3-00
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"fading-limited" performance. The only way to improve the
probability of detection is to add additional synchronization pulses.

The behavior of Pgp for our algorithm is also
fading-limited. Let us point out that even if the probability
of detection meets the performance requirements, the maximum
probability of error is not smaller than nsPOnS-l (L-P_ ). This
of the order of 10”12

SE
when the probakility of "losing" a pulse is 10 12, requires

means for instance that to achieve max P

seven or eight synchronization pulses.

The behavior of PSE described here is not what
could be expected from all detection algorithms. For instance,
one can modify algorithm C so that for any number of synchroniza-
tion pulses (ns > 2) the probability of error will not exceed

the desired level.

An example of a set of such algorithms is the
following. Once the position of the synchronization pattern
has been found by means of algorithm C, additional constraints
are imposed. We require that the output in any j signal slots
exceeds a certain threshold value. Different algorithms are
obtained depending on the selected value of j, (2 < j < ns).
With appropriate choice of threshold values, the maximum probabil-
ity of error will not exceed the desired level. With this type
of algorithm the probability of detection for large SNR is bounded
by the probability of "losing" (ns - j) pulses. Application of algorithm
C to the decoding problem ("soft" decoder with threshold) leads
to similar results. Again, the probability of error is not
smaller than the probability of "losing" more than np pulses.
Modification of decoding algorithms could be similar to that

described above.
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If the "hard" decoder is tested for a fluctuating
signal, the decoding probability is again fading-limited.
Improvement, however, can be achieved not only by increasing the
number of parity checks, but also by changing the decoding mode,
e.g., by increasing the threshold values and the number of era-
sure corrections. There are important differences as compared
to the "soft" decoder with threshold, in the behavior in the
error probability: it is affected only slightly by the signal
fluctuations. In fact, the modification of algorithm C mentioned
above, where certain local tests are added, brings the character

of a "soft" decoder with threshold closer to that of a "hard"

decodur.

Fig. 3.24 shows the largest attainable probability
of decoding (fading-limited performance) for different numbers
of information pulses and parity checks. Note, however, that in
order to reach these probabilities one may need unreasonably high

thresholds and SNR/pulse values.

Let us point out that the contrast value alone is
not sufficient to describe the performance of signal processing
in the presence of fading nor does it allow one to assess the
modifications necessary to combat its effects. In our model cf
signal fading (Sec. 2.4) it is useful to parametrize Nsl’ st,

and Po as follows:

= N _ -x
Ng; =N, (1 -Ce ™)

- = X
N, = Ny (1 +Ce) (3.32)
P, = 1/2 (1 + tanh x) and e® > C

Therefore, for given values of ﬁs and C, different types of
fading are described by varying the value of x. The simple model
discussed so far corresponds to the choice of e®=Cc. If the value

of e*=C is 1/3, this would correspond to PO egual 10-1.
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In order to obtain a probability of decoding of the order of
.9999, five or more parity checks are required. On the other
hand, if eX = 1, which corresponds to symmetric oscillations of
signal around a mean value, we can overcome the fading-induced
degradation by increasing the SNR value by no more than 20%.

A realistic fading model may contain elements of these two

1 fluctuating behaviors. The probability of sending a very weak

pulse would correspond to the probability of "losing" a pulse,

and the way to overcome the degradation caused by this effect
is (if necessary) to increase redundancy. The degradation, due

to dispersion of the signal around the mean value can be handled
(if necessary) by either increasing SNR or increasing redundance,
or both.

Signal processing in the SLC system should in our

opinion possess the following additional "robustness" property:

for any choice of ﬁs' C and x, the maximum probability of error
should not exceed a selected value. In order to develop this
type of signal processing it is necessary to specify several
types of fading for which the probability of decoding cannot

degrade beyond an acceptable level.
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4, DISCUSSION OF RESULTS

4.1 PERFORMANCE FOR NON-FADING SIGNALS

One of the problems in selecting the message format in
the PPM encoding scheme is the proper distribution of pulses
between synchronization pulses and parity checks.

In general, the probability of correct decoding = a
message for a given SNR/pulse will be limited either L be
probakility of correct synchronization or by the prob: . .y
of correct decoding for an information segment. Figures 4.1 -
4.3 help to resolve the problem of how to distribute redundancy
between the synchronization and information segments for

different performance requirements.

In Figs. 4.1 (a - ¢) we have plotted the minimum value
of SNR necessary to achieve the probability of correct synchroniza-
tion .99, .999, and .9999 vs. the number of synchronization
pulses. These graphs also include plots for information
blocks consisting of two and twelve information pulses, and
different numbers of parity checks for "soft" and "hard"

decoding.

We used algorithm A and its modification for synchroniza-
tion, for the "soft" decoder and for computation of frame errors.
For the "hard" decoder, we plotted only values for np =0, np = 2
in the single error correcting mode and np = 4 in the double
error correcting mode. This is because for the considered
decoding modes, probabilities of decoding with one, three or
five parity checks cannot exceed those with zero, two and four

parity checks, respectively.
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Consider first Fig. 4.la. If the number of pulses in
an information block is twelve, and the "hard" decoder is used,
then for two parity checks a synchronization segment with two
or three pulses should be used. With two synchronization pulses
the overall probability of decoding is limited by the synchroniza-
tion and probability of decoding of 0.99 can be achieved at

approximately 16 dB. With three synchronization pulses one is
limited by the performance of the "hard" decoder and a probabil~-
ity of decoding of 0.99 can be achieved at about 15 dB. There

is no gain from increasing the number of synchronization pulses

to four. If the "soft" decoder is used with the same number of
information pulses and parity checks, a synchronization segment
with three or four pulses is appropriate. Use of five synchroniza-

tion pulses would not provide a substantial gain.

Figure 4.1lc leads to the observation that in order to achieve
a prabability of decoding of 0.9999 with SNR/pulse of 14.5 dB, the redundancy
required is four synchronization pulses and one parity check for
a block of two information pulses ("soft" decoder). In this
case, the use of the "hard" decoder would require more than five
parity checks. Figure 4.1 (a - c¢) allow one to quantify 1) the
advantage of a "soft" decoder and 2) the improvement in SNR
with the probability of decoding. The "soft" decoder and the
algorithm used to estimate the position of the synchronization
segment are optimal. They have, however, the property that
when SNR/pulse approaches zero, the probability of error approaches
unity. Figures 4.2 - 4.3 show the same relationship as Fig. 4.1
but with an additional constraint: maximum probability of error
cannot exceed 10_4 and 10_12, respectively for both the synchroniza-

tion segment and the decoder.

As one can see, the minimum value of SNR/pulse required
to obtain the desired level of the probability of decoding increases

with higher performance requirements. This increase is of the
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order of 1 or 2 dB for zero parity checks and even smaller for
two synchronization pulses (Fig. 4.2). As the redundancy is
increased, the increase of SNR/pulse becomes small or negligible.
In Fig. 4.3, (max Pé = max Pgn = 10-12) the increases of SNR/pulse
are much more significant.

For low redundancy blocks and synchronization segments
one may need to increase SNR/pulse by more than 3 dB. Again,
the increase becomes smaller for higher redundancies. It is
worth noting that the margin of gain in SNR/pulse due to the
use of a "soft" rather than a "hard" decoder is much smaller
in this case.

It is evident that increased redundancy allows the use
of lower SNR/pulse values for a given level of probability of
correct decoding. The tradeoffs between redundancy and SNR/pulse
1s of particular interest when the scanning time is an important
figure of merit,

The expression for minimum scanning time may be written

T;C = a e J(SNR)* en , (4.1)

The units for minimum scanning time have been so selected that

as

the numerical value of the proportionality coefficient, a, equals
unity. (SNR)* denotes the minimum SNR/pulse value required to
obtain a probability of correct decoding equal to a preselected

value, and n denotes the total number of pulses in a message.

Tables 4.1 - 4.8 show the values of minimum relative
scanning time (T;) and minimum SNR/pulse required to reach a
probability of correct decoding 0.9999. Each table
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TABLE 4.1 "SOFT" DECODER TRADEOFF BETWEEN
REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR

n, =4, P = 0.9999, and 10~ % < max P < 2+10"8
i D - E -
n
P
. 0 1 2 3 4 5
1,03 | 1,08 | 1.23| 1.39 | 1.54 | 1.69
2 oo lag.w |as.w |ag. (19.4) (19.4)
5 120 | 1,00 | 1.02 | 1.13 | 1.25 | 1.3
209 Jaz.6) 1462 lde.n lasn Lis.7n
. 1,38 | 1,12 | 1.03| 1.08 | 1.17 | 1.27
(20.4) (17,6 115,9 [as5.4) las.e) k5.4 !
5 1,55 | 1,25 | L4 | 1.09 | 1.14 | 1.22
(20.9) §17.6) 1(15,9) 14,8 la4.5) [14.5)
6 .72 | 137 | L2w | 1.17 | 114 | 1.2
(20.4) ¥17.6) 115.9) l4.8) l13.9) 113.7)

TABLE 4.2 "HARD" DECODER TRADEOFF BETWEEN
REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR

-8 -
ng =4, P = 0.9999, and 10 < max P, < 2+107°

. 0 1 2 3 4 5

1,00 | 1.04 ; 1.19 .34 1.49 | 1,63 |

2 (20.4) | (19.4) J(19,4) | (19.4) j(19.4) |(19.4)
. 1.17) 1.07 |} 1.05 1.10 ] 1.21 ) 1.32
> (20.4) |(18.% |((17.3) | (16.7) {(16.7) }(16.7)
. 1,33} 121} 1.16 1.12) 115} 1.23

(20.4) {(18.5) [(17.2) |(16.1) {(15.5) [(15.5)
i 1,50 | 1.3 ) 1.28 | 1.22| 1.22| l.24
s (20w 18.5) {(17.2) 6. |A5.4) [(14.9
| 1.67 | 1.47 | 1.40 132 1,31 1.33
(20,9 [18.5) {(17.2) {6.1) |«15.4) [(14.9)
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TABLE 4.3 "SOFT" DECODER TRADEOFF BETWEEN
REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR

n; = 4, P, = 0.9999, and 10 1% < max P_ < 2-107}2
np |
. 0 1 2 3 4 5
) 1.04| 12| 1.28 | l.a| 1.60 | 1.76
(21.6) (20,9 (20,9 | (20,9 [(20.9) |(20.9)
1.22) 100 1.03 | 1.14] 1.26] 1.37

L2 (21.6) | (18.8) {(18.0) | (18.0) [(18.0) |(18.0)
- 1,39 1,12 | 1.03 1.03| 1,13 ] 1.22
i (21.6) | (18.8) [(17,.1) | (16.3) | (16.3) [(16.3)
. 1,57 1.25 | 1.13 1,07 1.08| 1.16
{ ° (21.6) | (18.8) [(17.1) | (15.8) | (15.2) [(15.2)
! . L7s| 1,37 125 | 116 1.12| 1.14

(21.6) | (18.8) |(17.1) | (15.8) | (14,9) [(14.4)

TABLE 4.4 "HARD" DECODER TRADEOFF BETWEEN
REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR

n; =4, Py =0.9999, and 1071? < max Py < 2+10712
"p
n 0 1 2 3 4 5

1.00 | 1,10 | 1.26 | Lu2| 1.57 | L.73

? e @09 0.9 |20.9 [20.9 |20.9

3} 117 106 | 1.04 | L13| L.24 | 1.35

> law [ jas.n |as.n |18.0 |18.0)
1.53] 1,19 | 1.16 | 1.10| 1.12 | 1.20
Yol lagw laso |ase |as.3 |as.

) 150 | 132 | 1.27 | L20| 1.18 | 1.18

> lelw asw jas. |de.9 [d6.D [(15.5)
1.67 | Lue | 1,39 | 1.30 | 1.28 | 1.26

1 ° @l ja9.m |a8.2) |(16.9) {(16.1D) {(15.8
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TABLE 4.5 "SOFT"

DECODER TRADEOFF BETWEEN

REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR

ng =2 x12=24, P =0.9999, 2 x 10”° < max P
n
aNC| 0 1 2 3 4 5
) L3%| 132 ( Lal | L50| 160 | 169 |
20.3) | 19.) [19.9) | 9. [9. 9.4
S L41f 113 107 | 1.14] 121 1.28 |
20.3) |17.8 |a6.n | ae.n [ae.n |de.n
Les| 117] 105 | 1.02]| 1.07] 1.13
Volens lane las.s | as.s las.e as.w
. 1.51| 1.21| 1.09 | 1.03( 1.00 | 1.04
0.3 |az.8 16,3 |as.» [aus aws
_ 157 v | 112 | 1.05| 1.02 | 1.00
oy e fuss |as.n [aus |as.9
TABLE 4.6 "HARD" DECODER TRADEOFF BETWEEN

< 3-10°

REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR

< 310"

n; =2 x 12 =24, P = 0.9999, 2 x 10°° < max P
"p

ng 0 1 2 3 4 5
L2y 1,15 | 1.23 1.31 ] 1.38 | 1.47
2 °0,7) [(19.4) {(19.4) |(19.4) {(19.4) [(19.4)
. 1.29] 112} 1.05 1.00 | 1.06 | 1.12
> | |as.w |z |ae.® |as.n las.n
| 1.33 1.15 | 1.08 1,01 { 1.00 | 1.00
i 4 (20.7) {(18.9) |17.7) |(16.6) [(16.0) [(15.6)
: 1.3 1.19 | 1,11 1.04 | 1,03 | 1.02
2 e |ase |azn |as.se |as.o |as.w
1.43 1 1,23 | 1,15 1.07 { 1.06 | 1.05
_-6 (20.7) | (18.9) |(17,7) | (16.6) |(16.0) [(15.4)
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TABLE 4.7 "SOFT" DECODER TRADEOFF BETWEEN
REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR

n, =2 x 12 =24, Py = 0.9999, 2 x 107 % < max p; < 3.107%2
np R
. 0 1 2 3 4 5
-
142 | 1,41 | 1.51 | 1.61 | 1.71 | 1.8l
2 e |29 (2.9 @9 {209 |29
] 1.88] 1,17 ] 1.12 | 1.19| 1.26 | 1.33
> laue 9.0 |as.0 |as.o [as.0 |as.0
1.53 | 1.21 | .08 | 1.02 | 1.07 | 1.12
Yotane o s lasw as.3 las.3)
1.59 | 1.25 | .11 | 1.04 | 1.00 | 1.02
> e lase lazw {ae® |as.s las.2
1.64 | 1,29 | 1.5 | 1.07 | 1.03 | 1.00
b lae | Jarw |as. (155 |aus
TABL:E 4.8 "HARD" DECODER TRADEOFF BETWEEN
REDUNDANCY, SNR (dB) AND RELATIVE SCANNING TIME FOR
n, =2 x 12 =24, P_ = 0.9999, 2 x 10"1% < max p_ < 3-10712

1 D E

n X

. 7l o 1 2 3 4 5
1.29 | 1.27 | 1.3 | 1.45| 1.54 | 1.63
2 o |@.9 |20.9 |@.9 |@0.9) {209
] 1.3 | 115 | 1.08 | 1.07| 1.13 | 1.20
> ey ey |as.e |as.o |as.0 |1s.0
1,39 | 119 1.12 | 1.04] 1.00 | 1.02
Yool laen ase |ars |as.e |as.3
Lub | 1.23 | 115 | 1.07| 102 | Lol
> oLy [aen las.e {a7.» |as.6 (6.0
1.49 | 1.27 | 1.19 | 1.10| 1.05 | L.ou
b ey Jan Jase a7 |as.e |as.0
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consists of two parts; in the first we have results for a "oft"
decoder (algorithm C), and in the second the results are for a

"hard" decoder.

Tables are constructed for two values of the maximm allowable
probability of error (max Pp ~ 10_8 and max.PE ~ 10-12) and
for three values of the number of information pulses n, = 2,
n, = 4, and n, = 12 (two blocks). The minimum relative scanning
time in each panel of the table is normalized, i.e., each minimum
scanning time has been divided by the smallest scanning time

in the set.

This type of table makes it possible to select the most
advantageous format depending on the importance of each of the
parameters: scanning time or SNR/pulse. For instance in Ta-
bles 4,1 and 4.2 we would select the following sequence of for-

mats:
"Soft" Decocder "Hard" Decoder
{ng, ny), TE  (SNR)* in aB} {ng, n,), T  (SNR)* in aB}
{(3, 1), 1.00, (17.6)} {(2, 0), 1.00, (20.4)}
{3, 2), 1.02, (16.7)} {2, 1), 1.04, (19.4)}
{4, 2), 1.03, (15.9)} {3, 1), 1.07, (18.5)]
{4, 3), 1.08, (15.4)} {3, 2), 1.05, (17.3)}
{5, 3), 1.09, (14.8)} {(3, 3), 1.10, (16.7)}
{6, 4), 1.14, (13.9)} {(a, 3), 1.12, (16.1)}
{6, 5), 1.20, (13.7)} {(5, 4), 1.22, (15.4)}

{(5, 5), 1.24, (14.9)}

The smallest minimum scanning time is about 4% lower for
the "soft" than for the "hard" decoder. Thus, in comparing the
T; values listed above, those for the "hard" decoder should be

increased by 4%.
T-2/511~3-00 -103-




In both cases the optimum scanning time is obtained for
1 low redundancy. 1In addition, often a change of message format
may lead .o relatively small changes in scanning time but to a
more pronounced change in required SNR/pulse value.

! the "soft" decoder corresponds to 13.7 4B, and for the "hard"
decoder is about 1.2 dB higher. In addition, the scanning time

for the "hard" decoder will be almost 10% higher for this
k increased SNR value.

Similar analyses can be performed using results from Ta-
? bles 4.3 and 4.4 for which the maximum allowable proability of

i decoding error was set at about 2 x 10_12 per message. In this
table the smallest minimum scanning time for the "soft" decoder
is about 2% lower than for the "hard" decoder. The selection

of advantageous formats is even simpler for messages containing
: two information blocks with twelve information pulses. For in-

stance, in Tablms 4,5 and 4.6 we would select the following for-

mats:
| "Soft" Decoder "Hard" Decoder
‘ .
{(ng, ng)s Th , (SNR)* in dB} ng, ng) . Ty, (SNR)* in as
| (6, 5), 1.00, (13.9)} (4, 4), 1.00, (16)}

{4, 5), 1.00, (15.6)}

‘ {5, 5), 1.00, (15.4)}

The smallest minimum scanning time is about 14% lower for the
"soft" than for the "hard" decoder.

In both cases the optimum scanning time is obtained for

rather high redundancy. Again small changes of message formats

T-2/511~3-00
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may lead to relatively small changes in scanning time but to a

larger change in required SNR/pulse value, The lowest achievable
SNR/pulse value in the set describing the "soft" decoder corre-
sponds to 13,9 dB, and for the "hard" decorder is about 1.5 4B
higher. In addition, the scanning time for the "hard" decoder
will be higher by about 14% for this imcreased SNR value,

In applying results from Tables 4,7 and 4,8 (max PES 3. 10_12)
it should be remembered that the minimum scanning time for the

"soft" decoder is about 11% lower than for the "hard" decoder.

In general, the "soft" decoder which is optimal in the ab-
sence of thresholds remains better than the "hard" decoder with
increased performance requirements. The only exception is the
case in which messages with zero parity checks are used (this

case is discussed below).

The gain in SNR/pulse values resulting from use of the
"soft" decoder is in the range of 1 to 3 dB, The advantage
from use of the "soft" decoder, however, decreases with higher

performance requirements (max P P

E’ D)'

On the other hand, the "hard" decoder has some advantages
of its own; it is easier to implement in real time and it is
“"robust" in the sense that the probability of error can be kept
below desired levels (without major modifications) even in the

presence of fading.

As indicated before, the preferable approach to minimize
scanning time for short messages (ni'=2 or 4) is to use mes-
sages with relatively high SNR/pulse and low redundancy. For
long messages (ni==24), the preferable approach to minimize
scanning time is to operate at relatively low values of SNR/

pulse and with relatively high redundancy.

Table 4.9 through 4.14 show the dependence of minimum scan-
ning time on different performance requirements. For each value of
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TABLE 4.9 "SOFT" DECODER
DEPENDANCE OF MINIMUM RELATIVE SCANNING TIME
ON THE PERFORMANCE REQUIREMENTS

n, =‘2, 1l <y <2

99 .999 9999

1,00 1.07 1.13
1074 | 47.5 (18.1) | (15.6)
Y (2, O 2,0 | Q0

1.25 1.33 1,39
10°8 | 19.5) (20,0) | (20,4
Y 2, 0 Q2,0 | 2, »

1.46 1.53 1.59
, 10712} (20.8) 21.2) | 1.8
(2, 0) 2,0 | @, o

TABLE 4.10 "HARD" DECODER
DEPENDANCE OF MINIMUM RELATIVE SCANNING TIME

ON THE PERFORMANCE REQUIREMENTS

n, = 2, 1 <y <2

pD
D .99 .999 .9999

E
1.00 1.10 1.18
174 | 47w (18.2) | (18.6)
Y (2, 0 2,0 | @, 0
1.21 1.30 1.38
1078 | 48 (19.7) | (20.2)
Y (2, 0 2,00 | 2,0
1.40 1.48 1.56
, 10012| 20.3) | (20.8) | (2L.3)
2, 0 2,0 | @0

L
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TABLE 4.11i "SOFT" DECODER
DEPENDANCE OF MINIMUM RELATIVE SCANNING TIME

ON THE PERFORMANCE REQUIREMENTS

n, = 4, 1 <y <2

D
(N .99 .999 ,9999

1.00 1.06 1.11
, 1078 (15.0) (15.5) (16.0)
3, D (3, D (3, D

1,23 1.29 1.34
, 1078 (16.8) (17.3) (17.6)
3, D 3,1 3, D

1.43 1,49 1.53
y 107120 18.1) (18.5) (18.8)
(3, D 3, D (3, D

TABLE 4.12 "HARD" DECODER
DEPENDANCE OF MINIMUM RELATIVE SCANNING TIME |
ON THE PERFORMANCE REQUIREMENTS
n; =4, 1 <y <2
o
ax By .99 .999 ,9999
\ 1,00 1.08 1.16
104 | 47 1s8.m) | a19.0
Y 2, 0 2,0 |e o
1.20 1.29 1.36
108 | (19.3) (19.9) | (20.4)
Y 2, O Q2,0 | @ o0 - -
| v ‘]
1.37 1.45 1.53 !
, 100120 0. | Lo | LW (SNR)
2, 0) Q2,0 | @ o0
N
. _ | R
‘ T-2/511-3-00 -107-
|
|
‘ ’ e gt Pttt S — et — ol




TABLE 4.13 "SOFT" DECODER

DEPENDANCE OF MINIMUM RELATIVE SCANNING TIME
ON THE PERFORMANCE REQUIREMENTS

ni = 2 x 12 = 24
2 <y <3,72<n_<6, 0<n_ <5

O

) .99 ,999 ,9999
E

1.00 1.04 1,08

1074 | 12.9 (13.3) | (13.6)

Y (5, ) G, H | G,

1.13 1.17 1.21

108 | (4.0 (14,3 | (14.6)

Y (5, 4) 5, % | (5, W

1,26 1.31 1,34

, 10712] (14,3) (14.6) | (14.8)

5, 5 6,5 | 6,5

TABLE 4.14 "HARD" DECODER

DEPENDANCE OF MINIMUM RELATIVE SCANNING TIME
ON THE PERFORMANCE REQUIREMENTS

s — - P
s L
i D
ax D) .99 .999 .9999
k| 1.00 1.06 1.12
1074 | 153 (16.0) | (16.5
Y (3, 2 3,22 | 3,2
1.10 1.17 1.23
1078 | (158 (15.6) | (16.0) e ————
; Y (3,3 |, ® | @ T
{
. 1.19 1.26 1.32 (SNR)
19712] 5.7 (16.2) | (16.7)
! wow | @ | W (ngs ny) |
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maximum allowable probability of error (max PE) and for each
value of the probability of decoding (PD), the following three
values are listed: normalized minimum scanning time (T*), re-
quired SNR/pulse in dB, and the message format (ng, np) leading
to the minimum scanning time for the particular performance
requirement, The term '"normalized" refers to the fact that in
each table the value of the minimum scanning time for the low-

est performance requirement has been scaled to unity.

Tables 4.9 and 4,10 are for two information pulses. They
show that the scanning time increases by more than 50% as one
moves towards the highest performance requirements. This increase
is accompanied by an increase of SNR/pulse of about 4 dB. This
is the only case in which the "hard" decoder requires generally

shorter scanning time than the "soft" decoder.

For such messages minimum scanning time is obtained when
the number of parity checks is zero. Since "hard" and "soft"
decoders coincide in such a case in the absence of thresholding,
the difference between the two tables is due to the different
way of thresholding,

B The results are similar for Tables 4.11 and 4,12 where

four information pulses are considered.

In contrast, in Tables 4,13 and 4,14 for information blocks
each containing twelve information pulses, the increase in
scanning time ranges from 32 to 34% and the increase in SNR/

pulse ranges from 1.2 to 1.9 dB.

The values of SNR/pulse shown in Tables 4.9 through 4.14
could be partially misleading. As mentioned in the previous
discussion of the more detailed set of Tables 4.1 through 4.8,
a small change in scanning time may result in larger changes

in the required SNR/pulse.
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4,2 PERFORMANCE DEGRADATION DUE TO SIGNAL FADING

The performance of signal processing schemes designed
to meet the requirements for deterministic signals will be
altered when fading is present. Our goal here is to evaluate
this fading-induced performance degradation. We considered
signal processing in which the detection algorithm for synchroniza-

tion (Algorithm C) is followed by a "hard" decoder with thresholds.

VT T ETTIRRCLY ey v, I

An idealized fading model in which a pulse is "lost" with
probability Po was used to bound the performance degradation,
{ Several aspects of fading-induced effects were discussed ear-
lier in Section 3,3.5. Tables 4.15 through 4.23 describe fad-

ing-induced performance degradation of several algorithms de-

o

signed to keep maximum allowable probability of error below pre-
selected values in the absence of fading. These tables are for
different numbers of information pulses. In each table we
specify the message format defined by the number of parity checks,

1 np and synchronization pulses, n_. For each of these formats

S
we have listed the value of relative minimum scanning time

followed by the value of minimum SNR/pulse required to obtain
the probability of decoding, PD = .9999. The fading is char-
acterized by -2 log C, where C is the fading contrast; for the
contrast values under consideration this parameter is simply
related to the probability of "losing" a pulse, PO. Indeed,
since C = PO;i and P, = lO_t, then -2 log C = t. The relative

scanning time was defined as in Tables 4.1 through 4.8, A1l the posi-

tions marked by asterisks indicate that either the "hard" decoder per-
forms with the probability of decoding lower than 0,.9999 for any
SNR,pulse, or that the maximum probability of synchronization
error exceeds a preselected level (indicated in individual Table
legends). As noted in Section 3.3.5,for the specified contrast
values the "hard" decoder is "robust" in the sense that maximum

error probability is not affected by fading.
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TABLE 4.15

FADING INDUCED PERFORMANCE DEGRADATION OF "HARD'" DECODING
TOGETHER WITH SYNCHRONIZATION

N2 Pp-0.999, 104 ¢ maxpg ¢ 2x107
n, ‘
1 2 3 ! 5
e
2 ‘ 2000 (..l.) (2 XX ) (Qll.) aane (..l.) [2 X 2] (l‘..) asdee (“..0) (2 X2} (.0..)
3 anae (QI..) se0e (....) (221X (..0.) anee (..l.) 2800 (uo.o) (22 X ] (.IIO)
2 u *8ae (..‘.\' (XXX ) (....) (X 2] (...l) L X2 2] (.GQ.) L XX2] (..0.) a8se ('IQ.)
5 1,01(19.0: 111 (7.8 1,29 (17.6) 1,51 (17.6) 1.73 (17.6) 1,94 (17.6)
= 100 (18.9) 1.09 (17,6) 1,29 (17,5 1,50 (17,5 1.71¢17.5 1,93 (17.5)
2 (1 XX ] (.H'.) anee (QQ.I) (XX 1) (....) L2122 (0...) (12 1) (..0.) L1 X 23 (0!.0}
3 eses (sess)  sese (esesy 154 (17,7)  L7S (17.7) 197 (17.7) 2,12 A7)
3 Q  eess (sees)  eees (eses) 140 (16.9) 1,60 (16.9) 1,80 (16.9) 2.00 (16.9)
5 1,26 (18,9 1,28 (17,5 1,30 (16.3) 1,48 (16.2) 1.66 (16.2) 1.84 (16,2)
- 125189 1.26 (7.4 1,25 (1590 1,40 (15,8 1,58 (15.8) 1,75 (15.8)
2 wese (veee) e (eese wess (sess) 205 (18,5) 2,36 (18,4) 2,53 (18.4)
3 wews (eewe)  wese (esee 160 (16,9 1,80 (16.9) 2,00 (16.9) 2.2 (16.9)
4 Y eess (wess)  wess (swes 141 (15,8) 1,50 (15.4) 1,64 (15.2) 1.87 (15.2)
5 1,51 (18,9 1,49 (17.5 1,40 (15,7 1.46 (151) 1,5 (147 1.7: (14.8)
= 1,50 (18,9 147 (17,4 140 (15.7) 1,46 (15,1 1,54 (I4,7) 1.7: (14.7)
2 sese (eeer)  wees (wess)  eass (sees) 208 (18,1) 2,48 (18,00 2.7 (18.0)
3. eeew (eesw)  eses (sesny 160 (15,9 1,67 (15.4) 1,78 (15.1) 195 (15.1)
5 4 eees (eevs)  ewes (wewsy 157 (15,8) 1,63 (15,1) 1,68 (14,6) 1,85 (14.6)
5 176 (189 171175 157 (157 1,62 (15.1) 1,68 (14,6) 1.84 (14,6)
= L7589 168 (174 1,57 (1570 1,62 (151 1,68 (14.6) 1.84 (14,6)
2 wees (sesey  eves (esaey  eevs (esen) 998 (17,2) 2,45 (17.1) 2,65 (17.1)
3 wees (eves)  wews (eveny 177159 1,79 (15.2) 1,84 (14.6) . 2,00 (14.7)
6 G eess (emen)  ewse (sessy 175 (15,8) 1,79 (15.1) 1.83 (14.6) 2,00 (14.6)
5 2,01 (189 1,92(17.5 175157 1,79 (15D 1,83 (14.6) 2,00 (14.6)
= 2,00 (189 1,89 (17.8) 1,75 (15,7 1,79 (151) 1.83 (14.6) 2,00 (14,6)
MINIMUM T = 35,1
T-2/511 -3-00 -111-



TABLE 4.16

FADING INDUCED PERFORMANCE DEGRADATION OF "HARD" DECODING
TOGETHER WITH SYNCHRONIZATION

=2 Ppr0.999, 108 ¢ maxpp ¢2x108
ng 0 1 2 3. 4 5
-2 L0G ¢ ;
i
2 (X2 2] (.Q..) anae (.IIO) anee (.l..) sRed (l,..) (XX 1) (....) (XX X] (..I.)
3 (1222 (....) [ X2 2] (....) L X X2] (.0..) ahes (I.l.) L1224 (!..l) anae (IC..)
2 q LA X 2] (....) (221 ] (..OQ) LX 21 (I...) LALX ) (....) a8ee (....) ateew (...0)
5 [ 22 1 (....) ®aes (....) L2 X2} (l'..) (2 X2 (....) ®*8oe (...l) aney (..Q.)
- 1.00 (20,3 1,13 (19.%) 1,36 (19,4) 1,58 (19.4) 1.81 (19.4) 2.04 (19,4
2 (12 1) (Q...) (X122 (....) L X2 2] (.Ill) saen (...Q) adae (....) .'...(....)
3 "eey (....) anee (..'.) aodre (....) LX) ] (....) (2 X1 ] (....) (22 X (....)
3 u asen (..Q.) L 22 (....) "ees (0...) (4 X2 ) (...l) (12 2] (.OI.) “nne (C'.l)
5 1.26 (20,3) 1,22 (18.5) 1.21 (17.) 1,34 (16.8) 1,51 (16.8) 1,68 (16.8)
- 1,25 (20.3) 1,21 (18.4) 1,21 (17.0) 1.34 (16.8) 1.50 (16.8) 1.67 (16,8)
2 aner (....) [ 2 X ] (.I.!} s00s (.Ql') 280 (.l..\ (2 X 1] (...‘) (1 XX} (....)
3 Sen (ReeN) seRe (trhm 142 (17.3) 1,56 (17,1 1.72 (17,00 1.88 (17.0)
4 4 SedE (RheR) wees (et 137 (17.%) 0 1,39 (16.1) 1,49 (15.8) 1,64 (15.7)
5 1,51 (20,3 1.42 (18.5; 1,37 (17,0 1,37 (16,00 1,45 (15,5 1.59 (15,5
- 1,50 (20,3) 1,41 (18.4° 1,37 (17.00 1,37 (16,00 1.45 (15,5 1,59 (15.5)
2 [ XX 2] (...Q) [T X] (D.Ql} snen (l...) [Z2 1) (.ll.) (1 XX ) (....) ases (.I.I)
3 SRS (RARR)  meeR (Seer 157 (17,1 1,56 (16,2) 1,59 (15.%) 1,71 (15,4)
5 4 ReRe (RRan)  mesd (seer 154 (17.00 1,52 (16.0) 1,54 (15.2) 1,61 (14.8)
5 1.7¢ (20.3) 1.63 (18,5 1,54 (17,00 1,52 (15,90 1,54 (15.2) 1.60 (14.8)
= 1,75 (20.3) 1.61 (18.4: 1,54 (17,00 1,52 (15,90 1,54 (15.2) 1,60 (14.8)
? [ 2 2 X3 (....) (X2 1) (.Q.cj L X2 2] (.I..) (XXX ) (....) 2'12 (17|2) 2'26 (l?-l)
5 BN (RRAE)  Resh (%t L4 (17,1 170 (16,1 1,68 (15.2) 1,77 (14,8)
6 4 SeRe (heef)  ees (e 1,72 (17.0) 1,68 (16,00  1.68 (15,2) 1,72 (14.8)
5 2,01 (20.3 1.83 (18,7° 1,71 (17.00 1,67 (15.9) 1,68 (15.2) 1,72 (14.8)
° 2,00 (20,3 1.81 (18, © 1,71 (17,00 1.67 (15.9) 1.67 (15.2) 1,72 (14.8)
MINIMUM T = 41,2
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TABLE 4.17

FADING INDUCED PERFORMANCE DEGRADATION OT "HARD" DECODING
TOGETHER WITH SYNCHRONI . ATION

nj*2  Ppe 0.9, 1012 ¢ maxPp ¢ 20 2072
n,

n 0 1 2 3 4 5

S -2uwec
2 LX 11 (....) esee (....) seee (....) (2 XX (....) seee (....) 000 (....)
3 2000 (....) aese ('.'.) 2088 (....) (X X14 ('...) anee (....) asee (....l\

2 q 008 (.'..) L2111 (....) asee (....) ease (....) ce0e (....) seee (....)
S aens (....) (X 31] (....) asee (...) esae (....) seae (....) oace (....)
- 1.00 (21,3 1.20 (20,9 1.43 ¢20.9) 1,67 (20.9) 1,91 (20.9) 2.15 (20.9)
2 00 (.'..) (12X 1] (...') aene (....) onee ‘....) teee (....) osee (....)
3 aase (....) sece (....) sease (....) [XXT) (....) tcee (....) seee (....)

3 “ aone (....) [ X212 (....) Sone (..'.) tsee (.'..) seed (..") sase (....)
S esse (.'..) onse (....) L X211 (‘...) sons (....) Seae (....) asee (....)
© 1,25 (21,3 1,19 (19.3) 1,22 (18.2) 1,37 (18,00 1.54 (18.00 1.71 (18,O)
2 2800 (....) anew ('...) sese (..'.) L XX 1) ('...) ssee (....) sose (....)
3 sess (....) asse (.'..) .80 (....) “nse (....) e (....) sees (....)

q q anes (....) osse (....) 000 (....) (XX 2] (....) eees (....) eees (....)
5 1,51 (21,3 1.40 (19.4) 1,38 (18.1) 1,75 (16.8) 1.42 (16.4) 1,55 (16.3)
® 1,50 (21.3 1.39 (19,3) 1,38 (18,1) 1,34 (16.8) 1.42 (16,90 1.55 (16.3)
2 osee (....) acas (....) esee (....) LX XL ] (....) seee (....) 2680 (....)
3 (X X2 ] (....) (122 ] (....) L1 X2 (....) (X X1 (....) asee (....) ease (....)

5 4 sone (Bent)  see (feef) 1,55 (18.1) 1,49 ¢16.8) 1,52 (16.2) 1.54 (15.5%)
> 1.76 (21.3) 1,61 (19.4) 1,55 (18.1) 1.49 (16.8) 1.52 (16.1) 1.52 (1S.W
= 1.76 (21,3 1.59 (19,3 1,55 (18.1)  1.4¢ (16.® 1,52 (16, 1) 1.62 (15, &
2 aene (....) eees (....) sees (.'..) eene (....) o000 (....) (X X2 ) (....)
5 enes (teet)  eeee (feff) 1,75 118.2» 1.67 (17,00 1,70 (16.3) 1,65 (15w

b 4 enee (reee)  eems (%ee) 1,73 (18,1)  1.64 (16,8) 1,66 (1€.2) 1,64 (15.3)
3 2,01 (21.3) 1,81 (19.4) 1,72 (18.,1) 1.64 (16.8) 1.66 (16.1) 1,63 (15.®
* 2,00 (21.3) 1,79 (19.3 1,72 (18.1) 1.64 (16,8 1.66 (16.1) 1.63 (15,3

MINIMUM T = 46.4
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TABLE 4.18

FADING INDUCED PERFORMANCE DEGRADATION OF "HARD" DECODING
TOGETHER WITH SYNCHRONIZATION

n-4  Pp-099%9, 10 ¢ maxpp< 2x10

n 0 1 2 3 4 5

eene (....) ecee (....) eees (....) ases (....) ssse (....) (X2 1] (.'.')

eaee (vene) seva (anwe) aesn (srow) *tee (sdeey athe (saew) esea (dess)

1.05 (19.2)  1.03 (17,9 1.13 (17.6) 1,27 (17.6) 1.41 (17.6) 1.56 (17.6)
1.00 (19.00 1.00 (17.7) 1,12 (17.5) 1.26 (17.5% 1,41 (17,5) 1,55 (17.5)

2
3

2 q saee (nene) teed (tewne) tate (raney eree (snney nake (eene) raes (vteaw)
5

2 LI 21 (....) snee (....) atee (....) esse (....) a00e (....) a0 (....)
3 eeee (°°0e)  teet (**) 1,30 (17.8) 1.45(17.8) 1,58 (17.7) 1.72 (17.7)
3 4 eses (e00e)  eeet (*tt) 1,18 (16,9 1.31 (16,9) 1,44 (16.9) 1.58 (16.9)
5 1,18 (19,1  1.14 (17.7) 1.09 (16.3) 1.21 (16.3) 1,33 (16.2) 1.45 (16.2)
- 1,17 (19,00  1.12 ¢17.5) 1.06 (16,00 1,16 (15.9) 1.26 (15.8) 1,38 (15.8)
2 L1 X4 (..I.) asee (....) LX X2 (..0.) sese (....) 1.85 (lslq) 2‘02 (18]“)
3 eens (000e) et (ffeY) 1,32 (17.00 1.45 (17,00 1,57 (16.9) 1,70 (16.9)
4 4 Seek (B0%e) ettt 1017 (15,9 1,27 (15.8) 1,29 (15.2) 1,40 (15.2)
5 1,35 (9.1 1.28 (17.7) 1,16 (15.9) 1.26 (15.7) 1,24 (14.9) 1.35 (14.9)
- 1.34 (19.00  1.26 (17,5 1.16 (15.9) 1.26 (15.7) 1,24 (14.9) 1,35 (14.9)
2 asee (....) ases (....) acae (....) etss (...') 1'92 (18.0) 2‘08 (18'0)
3 seRe (weem)  seee (teet) 131 (161 1042 (16,00 1.39 (15.2)  1.50 (15.2) w
5 4 SUOe (Rhe%)  eeee (%tt) 1,28 (15,9 1,37 (15.7)  1.34 (14.8) 1.45 (14,9)
5 1,52 (19.1) 1,83 (17.7) 1,28 (15,9 1.37 (15.7)  1.34 (14,8 1.45 (14.9)
- 1,50 (19,00 1,40 (17.5) 1.28 (15.9) 1.37 (15.7) 1.34 (14.8) 45 (14.9)
2 saee (....) asee (....) ssea (....) L1XY] (....) 1‘87 (17.1) 2 02 (17.2)
3 sete (Shee)  mees (vt 142 (16,1 153 (16,00 1.44 (14.8) 1,56 (14.9)
b 4 eRte ("ot ettt (%t 1,39 (15.9) 1,49 (15.7)  l.44 (14.8) 1,55 (14,9)
p) 1,69 (9.1 1.57 (17.7)  1.39 (15.9) 1,48 (15.7) 1,44 (14,8 1,55 (14.9)
- 1,67 (19,00  1.54 (17,5 1,39 (15,9 1,48 (15.7) 1.44 (14,8 1,55 (14.9)

miniMum To = 53.6
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TABLE 4.19

FADING INDUCED PERFORMANCE DEGRADATION OF "HARD" DECODING
TOGETHER WITH SYNCHRONIZATION

nj*4 Pp-09%, 108 ¢ maxpp ¢ 2x10°8

1.67 (20.4)  1.47 (18,5 1.40 (17.3) 1.32 (16.1) 1.31 (15.4)

nP
0 1 2 3 ] 5
-2 106 ¢

2 anee (...Q) a0en (....) S8 ee (....) 000 (....) asen (..C.) asee (....)
3 E2 21X (Q...) (2223 (Q...) (22X ) (Q..l) *anee (....) asee (....) “80e (.Q..)
q 2888 (....) 206 (.Q..) aeee (...I) ao8e (..QQ) 2086 (....) seee (....)
S aean (..Q.) 2008 (....) L2123 (....) L1117 (....) aeee (....) L2 XT] (....)
® 1,00 (20.4 1.04 (19.4 1,19 (19.% 1.34 (19.4) 1.49 (19.%) 1.63 (19.u)
2 shee (...Q) (XXX} (....) (2221 (....) LX1X) (....) so0n (.Q..) ahee (.Q..)
3 a0es (....) L X1 X ) (.Q..) L 2x1] (....) aaes (.Q..) (221 (....) (22X (..Q.)
q ansae (...0) a0es (....) 28ee (.Q..) L2XX) (Q...) seae (....) *o00e (0...)
5 1.18 (20,5 1.09 (18.7) 1.05 (17.3 1,10 (16.8) 1.21 (16.8) 1.32 (16.8)
L 1,17 (20.9) 1.07 (18,5 1,05 (17.3) 1,10 ¢16.8) 1.21 (16.8) 1.32 (16.8)
2 *a8ee (....) aeee (.I..) (2223 (....) *ne e (....) asees (....) saee (....)
3 soon (meee)  eees (eevt) 1,20 (17.6)  1.Z6 (17.1) 1,35 (17.0) 1.47 (17.00
y sees (meee)  wese (ke 1,17 (17.3) 1,13 (16,2) 1,18 (15.8) 1,27 (15.7)
5 1,35 (20,5 1.21 (18.7) 1.16 (17.3) 1,12 (16.1) 1.15 (15.6) 1,23 (15.5)
» 1.33 (20,4 1.21 (18,9 1.16 (17.3) 1,12 (16.1) 1.15 (15.6) 1.2% (15.5
2 2000 (....) a000 (..I.) sese (.0..) anee (....) 2000 (....) *080 (....)
3 S040 (o0%e)  weee (Uee0) 1,31 (17.5) 1,26 (16.4) 1,25 (15,6) 1,31 (15.4)
4 RO4E (o0ee)  eees (0eet) 1,28 (17.3)  1.22 (16,1) 1,22 (15.4) 1.25 (15.0)
5 1.52 (20.%) 1.36 (18.7) 1,28 (17.3) 1,22 ¢(18.1) 1,22 (15,4) 1.25 (14.9)
- 1,50 (20.w)  1.34 (18,5 1.28 (17.3) 1.22 (16 1> 1.22 (15, 1,24 (14.,9)
2 L XXX} (....) .08e (....) acee (....) (XXX} (....) 1.67 (17'5) 1'72 (17-1)
b KO0 (o0c0)  owee (eeet) 143 (17.5) 1,36 (16.3)  1.32 (15.4)  1.34 (15.0)
4 Seee (e%ee)  ceet (***t)  L40 (17.3 1,32 (16,1} 1,31 (15.4)  1.33 (14.9)
5 1.69 (20.5 1.50 (18.7) 1.40 (17.3 1,32 (16.1) 1.31 (15.4) 1.33 (14.9)
- 1.3

T-2/511-3-00
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TABLE 4.20

FADING {NDUCED PERFORMANCE DEGRADATION Oi "HARD" DECODING

TOGETHER WITH SYNCHRONIZATION

ni=4, Pp-099, 1012 ¢ maxpg ¢ 2x102
L
n 0 1 2 3 4 5
S .26 ¢
2 aeae (....) L2212 (....) sese (....) sase (....) s8N (....) stace (....)
3 seee (....) anes ("..) oans ('..Q) *Res (.l..) (XX 24 (Q.I.) *Bon (..l.)
2 q "aee (....) asse (....) seae (.Q..) asen (....) ansee (....) aeee (....)
S sese (....) asaes (....) snse (l...) a88e (....) L2212 (....) stas (....)
= 100 2L4) 110 (20.9) 1.26 (20,9 1.42 (20.9) 1.57 (20.9) 1.73 (20.9)
2 ao0s (....) anee (....) osse (....) (XXX ) (....) asnse (....) ®eee (....)
3 dens (.'..) acee (....) L XX 1] (....) s as (....) seee (....) ease (...I)
3 5 q snee (....) aeee (....) [ XXX (....) L2 X 2] (....) aces (....) anee (....)
5 ssee (....) aseae (....) 26 en (....) st ee (....) a0 (....) (X2 (..Q.)
= LI (LW 106 (19.4) 10y (183 113 (1800 1.24 (18.0) 1.35 (18.0)
1
; 2 ases (...Q) anen (....) atasee (....) asae (....) “aas (....) *ens (....)
3 *nes (.QQ.) aans (....) seee ('...) anve (..I.) s08e (....) anee (.QQ.)
q q asse (....) anee (.I..) (X X2 (....) (X 22 (...I) ases (....) L2 XX ) (....)
5 135 (2LS) 1,21 (19.6) 1.6 (18.2) 110 (17.0) 112 (6.4) 1.21 (16.3)
= L35Q2LW  L19 (19.4) 116 (182 1,10 (17.0) 112 6.4 1,20 (16,3
2 asee (....) s*aes (.QQ.) LX 23] (..Q.) atan (....) aeas (....) asas (I...)
) 3 *0s e (....) anes (....) LX X ) (.QI.) ‘“Ean (....) aa e (....) shee (....)
5 Yo eeee (eewe)  wses (veery )27 (18.2) 120 (17.0) 119 (16,2 1.19 (15.6)
5 LS142L%) 1,35 9.6 1.27 (18.2) 120 (17.0) 1.19 (16,2 1.18 (15.5)
= LS LW L3 G54 127 182 130 0700 118 (16,2 118 (15.5)
‘ 2 anee (.Q..) ssae (Q...) “nen (....) anen (....) a8es (....) sses (..Q.)
S etes (eves) wwse (eesn) 1) (18,4) 133 (17,20 132 (16.4) 1,27 (15.5)
6 4o weee (eeee)  weee (sens) 39 (18.2) 1,30 (17.0) 1,28 (16.2) 1.26 (35.5)
. 5 L68(21.5) 1,48 (19.6) 1,39 (18.2) 1.30 (17.0) 1.28 (16,2 1,26 (15.5)
= L67 LW Lu6 (19.4) 139 (18.2) 1.30 (17.0) 1.28 (16,2 1,26 (15.%
Mintmom Too= 70.5
{
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TABLE 4.21

FADING INDUCED PERFORMANCE DEGRADATION OF "HARD" DECODING

TOGETHER WITH SYNCHRONIZATION

n-2x12+24, Pp=-0999, 1074 ¢ maxpp ¢ 2x10
Mp
N, 0 1 2 3 Y 5
-2 Lo6 ¢
2 *ses (....) teoe (....) teae (....) LA X1 (....) scee (....) LX 1] (....)
3 aees (....) anse (....) sane (....) *aee (..Q.) aese (....) ssee (....)
2 q sane (....) t*ees (.".) snee (....) LA X1 ('.I') stew (.'I.) *889 (l"')
S eees (eeee) sees (eeee) 190 (17,6)  L17 (17.6)  L.24 (17.6) 1.32 (17.6)
= L1794 107 18,00 108 (17.5 116 17.5 123 (17.5 131 (17.5)
2 *eoe (..'.) ssoe (....) L X2 1] (....) tense (....) enne (....) stes (....)
3 ewes (eten)  ewse (eeseywese (eseqy 12 (17,7) 130 (17.7) 137 (17.7)
3 L weew (eees) wese (osse) 106 (17,0) 112 (16.9) 119 (16.9) 1.26 (16.9)
5 eese (sess)  waes (eeen)]0] (16,6) 1,04 (16.3) 109 (16.2) 1.16 (16.2)
= L2099 110 (7.9 1.00 (16,5 1.0l (16.0) 1.04 (15.8) 1,10 (15.8)
2 LX) (....) esne (....) *nse (....) toan (....) 1'50 (18.7) estee (....)
3. wews (svee)  wwee (sner) wses (essn) 15 (16,9) 1,22 (16.9)  1.29 (16.9)
4 Lo wees (sese) weew ey ] 04 (16,6) 1,03 (16.6) 1,04 (15,5 1.09 (I5.5)
S eses (seen) wees (etee) 103(16,5) 1,03 (16,00 1.02 (15.4) 1.08 (15.4)
= L26 (9.4 11479 1,05 (6.5 1.03(16.0) 1.02 (15.4) 1.08 (15.%)
2 (X121 (....) aoon (....) L X 2] (....) aass (....) 1.“7 (18'3) L1 X2 (....)
3. weees (ewse)  wmes (sves) ses (sese) ] 08 (16,1) 1,07 (15.5) L.I3 (15.6)
5 4 wees (eves) wees (esen) ] 07 (16,6) 1,06 (16.0) 1.05 (15.4) 1.1l (15.8)
5 ewee (sseny wwes (wves) 106 (16.5) 1,06 (16.0) 1.05 (15.4) 1,11 (15.8)
= L3 A9.® 118179 1,06 (16,5 1.06 (16.0) 1.05 (15.4) 1.1l (15.)
2 anes (....) sese (....) asee (....) tene (....) 1'39 (17.6) LA X (.’h.)
3. eees (eewe)  seee (eaesy wesss (wese) {0 (16,0) 1.08 (15.4) 1.1 (15.5)
6 4 eess (sese) wewe (sews) 110 (16,6) 1,09 (16,00 1.08 (15.4) 113 (154
5 ewse (sese) ewes (sese) 110 (16,5) 109 (16.0) 1,08 (15.4) 1,13 (15.4)
= L3 AW 121 d7.9) 110 (165 109 (16,00 1,08 (154 113 (15,4
Minimum T« 2023
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TABLE 4.22

FADING INDUCED PERFORMANCE DEGRADATION OF "HARD" DECODING
TOGETHER WITH SYNCHRONIZATION

n+2x12-28, Pp-09%99 108< maxpps 2x108

nP
n 0 1 2 3 4 5
$ -2 06 ¢
2 (2 XX (....) (L IXX] (....) LI XT3 (....) asee (....) (XXX (....) [ XXX (....)
3 anes (....) aees (....) (XXX (I...) *0es (0...) o8es (....) assee (....)
2 q anee (.0..) a.08a8 (.0..) a0ee (..I.) asee (...0) (X X2] (...0) (2 X X 2 (....)
5 *8ee (...0) tE X223 (....) aeee (..QI) asede (...I) *8es (00..) asee {....)
- 1.24 (20.7)  1.15 (19.4 1.23 (19,4 1.31 (19.% 1.39 (19.4) 1.47 (19.w
2 ases (....) sase (....) a0 (.IIQ) seae (Q...) aaes (I...) (2 XX ] (l...)
5 (XXX (....) sses (l...) L2 XX) (....) (X2 X ) (....) acee (....) ases (..l.)
5 q (122 (....) (XXX ) (l...) scses (....) aees (....) asee (....) aese (....)
5 Se88 (t00e)  weet (**t%) 1,05 (17.8 1.01 (16,9) 1,06 (16.8) 1.12 (16.8)
w 1,29 (20.7) 1.12 ¢18,9) 1.05 (17.7) 1.00 (16.8) 1.06 (16.8) 1.12 (16.8)
2 "ese (..I.) aeee (....) L XXX (....) LR ] (....\' L XXX} (...') L2 XX (....“
3 BERE (BO00)  meme (f000)  Seen (Rree) tere (et 112 (1700 118 (17.O0
y y SEES (mett)  eett (*tt%) 1,09 (17.8)  1.02 (16,7) 1.01 (16.1) 1.03 (15.8)
5 snes (vte0)  eeee (*et%) 1,08 (17.7)  1.01 (16.6) 1,00 (16.0) 1.00 (15.6)
- 1,33 (20,7) 1.15 (18.9) 1.08 (17.7) 1.01 (16.6) 1.00 (16.0) 1.00 (15.6)
2 L X222 (....) (XXX 2 (....) ahes (....) asess (...Q) "eee (I.Q.) anee (.'..)'_
3 aeeS (B00)  eews (weel)  seen (ewse)  wess (mees) 1,05 (16.2)  1.05 (15.7)
5 4 Seee (meee)  mees (wtt) 1,12 (17.8) 1,05 (16.7)  1.03 (16.0) 1.02 (15.5)
5 sees (meee)  wess (weeny 112 (17.7)  1.04 (16.6)  1.03 (16.0) 1.02 (15.%)
= 1,33 (20.7)  1.19 (18.9) 1.11 (17.7)  1.04 (16.6) 1.03 (16.00 1.02 (15.%)
2 (XXX (....) Seen (....) a8 (....) (XXX (....) anen (....) (XXX (.0..) '
5 snen (I.I.) (2 X X 2 (.Q..) aene (0...) suan (.l..) 1'07 (16.2> 1.06 (15'6) i
b L] sees (meee) eee® (*f*%) 1.16 (17.8)  1.08 (16.7) 1.06 (16.0)0 1.05 (15.%)
5 Soss (osee) eeer (et 1,15 (17.7)  1.07 (16.6) 1.06 (16.0) 1.05 (15.%)
® 1,43 (20.7) 1,23 (18.9) 1.15 (17.7) 1.07 (16.6) 1.06 (16.0) 1.05 (15.%)
MINIMUM TS = 227.8 ;
i
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TABLE 4.23

i FADING INDUCED PERFORMANCE DEGRADATION Of "HARD" DECODING
TOGETHER WITH SYNCHRONIZATION

? nj2x12+26,  Pp-0.999 10 22 max pp - 2x 1012

1.29 (21.7)  1.27 (20,9 1.36 (20.9) 1.45 (20.9) 1.54 (20.9> 1.63 (20.9)

P
ng . 0 1 2 3 4 5

Z < LOG C
] — - ————— - e P —_
E 2 sess (eons, sece (eose, sese (esee seens (coen ssoe (eone seee (eeen
; 3 sens (2ess) sese (neve) ssee (sser, ases (vees, eees (aers, sese (aees,
; 2 4 eses (anesy ssse (-.oo) sese (mene, snse (eneey snse (weee, eess (eees,
F 5 LYY Y (o.ol) sene (0.00) eses (anev) ense (*uee) ases (oooo) asee (sueey

: 2 wnee (sune) anse (.oao) sses (2esy) siee (ease) esse asee sese (seue
; 5 wees (ssns) seen (aevs, seen (ssee) XYY (%o sees (e0ss sose (aunae,
i 5 4 (XX 2] (o.oo) [X XY ) (Q..l) roen (o¢o¢) (XX 1] (..0.) soen (.ro) sene (oooo)
% 5 soer (weowy weee (osew sess (assw, esee (ssosy ssas (noeay “oee (seas,
, : 1.34 (21,7 1.15 (19.7) 1.08 (13.6) 1.07 (18,00 1.13 (18.0» 1,20 (18.0)
2 ween (eass #een (oaws) sers (seow) aswe (*ve") sess (sawe, seen (oee)

5 sses (oeen) sees (sewey sese (eeow) ssse (ewse) eeee (ween) sses (eoew

q 4 seee (sevey eoss (evee) sesn (sene ssae ("o sees (osun, eess (sess

5 ROSE (AR meme (rert)  tEC (UUSY O LG4 12.%Y 1,00 (167 1,02 (16.W)

1,39 21.7) 1,19 (19.7) 1,12 (18.6) 1,04 (17.5) 1.00 (16.7) 1.02 (16.3)

LY X Y] (.00.) ason (.l..) sase (sesv) asen (.oo.) LI XYY (00.0) anee (.'..“

anns (..O.) LYY Y} (QQ.O) senn (") ssen (0...) ssse ,.Qll) esna (oooo)

SORR (SeRR)  dems (merm)  cter (0et) 1,08 (17.%) 1,03 (16.7) 1.0l «16. 1
stae \....\} asee (l.l.) “asae (....) 1[07 (17.5) 1.03 (16'6) 1'01 (16‘1\
Loaw 22,7y 1,23 (19.7)  1.15 €18.8) 1,07 (17.%) 1.02 (1A.6y 101 (1R 1

[RA B <SR W )

o4

sese (....) LX) (l..l) snae (0..0) [T XY (.oco) ssss (ooco) enee (sses

sess (....) seee (...0) suan (ooou) (XX 3 (....) snse (.000) 1'05 (16.2‘

E;
pl

L 4 SRES (TRRR) vees (eeet)  cter (te*t) 111 (17, 1.06 (16.7)  1.04 (16.1s

S LLLLANELT LY sess (eunny sees (enes) 1,10 (17.%) 1.05 (16.6) 1.04 (16.1)

Lag 21,7y 1.27 (19.7) 1,19 (18.6) 1.10 (17.9)  1.05 (lh.61 1.04 (1%.:

MINtum T 244.9
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| An examination of Table 4,15 indicates that if the prob-

\ ability of "losing" a pulse is P0:=10—5, the effects of fading
are negligible or relatively small, With an increase of Po’
however, there are more cases for which the performance require-
ments cannot be met, As one example, the performance require-
ments cannot be met for any SNR/pulse if the synchronization
pattern consists of two pulses or if the information block has
less than two parity checks and the probability of "losing" a

F pulse exceeds 10_4.

Results shown in Table 4.16 indicate that at least six
% synchronization pulses are required to meet performance require-

ments when the probability of "losing" the pulse is Po==10—2.

Table 4,17 shows that the most stringent performance re-
guirements are not met for any message formats considered when

Po==10_2. Tables 4.18 through 4,23 illustrate similar trends.

For long messages, Tables 4.21, 4.22 and 4.23 show that,
with higher redundancies, fading-induced degradation is usually
small if performance requirements are met, Let us recall that
for long messages, the preferable approach of minimizing the

scanning time was to operate at relatively high redundancies,

In contrast, low redundancies are preferable for short
messages in which fading-induced degradation is most pronounced.
Thus, if the message formats were selected to minimize scanning
time, we may expect that the fading-induced degradation would

be more significant for short than for long messages,

The present analyses of fading-induced degradations were
performed for signal processing schemes designed for deter-
ministic signals., As mentioned previously (Section 3.,3.5),
modifications of the signal processing may reduce some of the
effects of fading. For the "hard" decoder, relatively simple
modifications, not requiring any major alteration of the gen-

eral scheme, would be adequate. Increasing the threshold

T-2/511-3-00
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values and/or changing the decoding mode (e.g., more erasure
corrections) may be helpful. The "soft" decoder (with thresh-
0ld) and detection algorithm C for the synchronization pat-
tern will require more complex alterations if the probability
of error is not to exceed a desired level. (See Section 3.3.5.)
These alterations are necessary because one of the main effects
of fading on performance of these algorithms is an increased
probability of error,.

The following "robustness" property for signal processing
in the SLC system is recommended: for any fading law the
maximum allowable probability of error should not exceed a pre-
determined value. The actual choice of signal processing
schemes satisfying this condition and the choice of message
formats should be based on a careful analysis of tradeoffs as
done here for deterministic signals, This should be done for
several simple fading signal models incorporating realistic
parameter values, i.e., values which may be anticipated for

realistic fading behaviors.
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