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ABSTRACT N

B The M7 underwater acoustic commnication system developed by
the Acoustic Communication Studies Project of the University of Miami as
described. This system is designed to reduce the transmitted energy per
received bit and to reduce the vulnerability of the transmitting platform
to detection by hostile receivers. Three techniques are used to accomplish
these objectives: a freely randomizable pseudo-noise tramnsmission format,
true matched filter reception, and coherent integration.

B Five independently written papers follow a brief introduction
in this report. These papers provide an overview of system objectives
and techniques, followed by more detailed explanation of actual recciver
operation. Finally a discussion of the relevance of the Mobile Acoustic

Communication Study (MACS) results available to date is included.
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FORWARD

Bl The University of Mismi Acoustic Communication Studies project
has been terminated without the ses evaluation recommended by both ONR
and NOSC. Consequently, this final report is presented without any at

sea performance data, Earlier experimental results and recent simulation

data suggest the system would provide significant (. 10dB) performance

advantages relative to a comparable incoherent tonal system, but a
side-by-side evaluation of the two systems proposed for the summer of
1979 was denied. The Navy's failure to evaluate the M7 system either
indmndut}y or in comparison with the tonal system has been a
disappointment to the author.

il Five papers have been bound together for this rcpérc. The
first gives a brief overview of the system goals, techniques and

capabilities, The second provides & detailed description of the signal
format and receiver operation. In the third paper, the results of an
cxtma%vc omla:im of receiver operation under realistic operating
conditions is presented. In the fourth paper, the hardware requirements
for implementation of the system are described. Finally, the fifth
paper comments on the coherence time results obtained by the Mobile
Acoustic Communication Studies (MACS) project and their relevance to

large time bandwidth product systems such as M7.
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The M7 Communication System: An Overview [ ]

B The M7 communication system is the seventh experimental under-
water acoustic communication system developed at the Universities of Miami
and Michigan during the interval 1967-1979. It is distinctly different
from the incoherent, tonal signalling systems curremntly in use or proposed.
The two major considerations im its design were the mininumization of trans-
mitted energy per information bit and the reduction of the vulnerability of
the transmitting platform to hostile detection. With appropriate choice of
parameters the system can be configured for either tactical or strategic
applications, the example presented below is on the borderline between
these two appi:ications. The M7 system has been ready for evaluation at
sea since June 1978, an opportunity perform the evaluaticn is still being
sought.

 The fundamental technique of the M7 system is based on classical
signal detection theory for a signal known exactly in added white Gaussian
noise. Under such conditions, the optimum (likelihood) receiver is a filter
matched o the received signal followed by a threshold detector. Since a
practizal acoustic channel does not yield a response known a priori, the
M7 system performs a measurement of the channel impulse response prior to
the information processing. Although the details of the signal processing
and parameter values are different, the operation of the system is analogous
to the "RAKEY HF modern described by Price and Green in 1958.

B In order for the above technique to be applicable, the acoustic
channel must be linear and time-invariant over the channel measurement time.
For fixed site chanmels and center frequencies below 500 Hz, this result has
been established for measurement times of the order of minutes. Experiment
with towed sources conducted off Eleuthera (400 Hz, 1974) Bermuda (313 Hz,

1976) indicated measurement times of the order of a minute would be satis-




factory. As the system center frequency is decreased, these times can be
expected to increase further.

B 7o reduce the detectability of the tramsmitted signal by hostile
receivers, a pseudo-noise transmission format was selected. This makes
detection by narrow band spectral analysis futile, particularly when the
received signal level is low (below O dB), which is the systen's intended
operating condition. For the hostile detector the problem becomes one of
detecting noise-1like signals in the fluctuating ambient noise of the ocean.

I The pseudo-noise transmission format is also an excellent one
for purely communication purposes, as the signal is uniformly distributed
over the available bandwidth, Equivalently, the pseudo-noise format can
be considered to offer a very large degree of frequency diversity.

B Three basic features are incorporated into the M7 system:
freely randomizable choice of pseudo-noise wave form, true matched filter
processing, and coherent integration. Other included features such as the
synchronization/Doppler removal algorithms and the provision for m-ary
biorthogonal signalling are beyond the scope of this paper.

Bl The transmitted waveform in the M7 system is based or a binary
sequence known to both the tramnsmitter and intended receiver. This
sequence must have the statistical properties (pa-ticularly bias and
auto correlation properties) of a random bit stream and could be con-
veniently be provided by an approved cryptologic gemerator and changed
on a code-of-the-day basis. The sequence need not obey any deterministic
mathematical law, such as the linear maximal sequences coumonly employed
in scientific channel measurement programs. Further, thohuadmu of

the transmission is unaffected by the particular message being sent. With




this freely randomizable design, the system satisfies the “cryptologic
postulate” in that an interceptor equipped with the same receiving
equipment as the intended receiver has no detection advantage unless he
knows the prescribed bit stream.

. The second feature of the M7 system is its measurement of
the channel impulse response with each transmission. This measurement
is possible because the transmission includes a known component, called
the probe, which also is used for time and frequency synchromization.
The channel impulse response is extracted from the received signal
through a correlation and filtering algorithm. Then filters for each of
the informaticn-bearing symbols are constructed through the assumed
linearity of the channel and the knowledge of the sywbol alphabet.
Because both probe and information components pass through the channel
at the same time, the exact instant for sampling the symbol filter out-
puts is known and no "soft decoding” algorithm need be applied.

. The sharp contrast in approaches to channel variations between
the M7 system and conventional incoherent tonal systems must be noted.
A typical tonal system represents a compromise in design parameters to
allow operation a2t different ranges and locations. Extensive statistical
studies of channel responses have been made to facilitate this compromise.
The M7 system, through its on-the~spot channel measurement, designs its
receiving filters for exactly the channel at hand.

. Finally, the M7 system uses coherent integration for
synchronization, channel measurement and information processing. This

allows useful operation at signal to noise ratios well below O dB.
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Ml 7To provide a tangible example of the M7 system, consider the
most recent version, M7BX3. The eransmission for this version occuples
a 51.2 Hz (at 4 dB points) bandwidth centered on 204.8 Hz, so that each
burst has a time-bandwidth product of 4096. Sixty information bits are
contained in each burst, yielding a bit rate of .75 bits/sec. Simulation
results based on a measured 350 nm channel and worst case (21.5 kt)

Doppler conditions show the system does not miss any bursts (out of 512)

_ at -10 dB signal to noise ratic. The probability of a symbol error at

this signal to noise ratio is .0078, which is equivalent to & bit pro-

. bability of error of .0016. At an input signal to noise ratio of

-7 dB, the probability of a symbol error falls to .000173, which is
equivalent to a bit probability of error of .000029. Note that these
error probabilities are obtained at the receiver filter output and have
not been enhanced through error correcting codes. When compared with
theoretical values for a competitive incoherent tonal system, these
results indicate a 10 dB advantage for the M7 system.

B The issue of hardware implementation of the M7 system is an
important one because the M7 does place different requirements on the
hardware, specifically in terms of calculational speed and memory size.
Nevertheless satisfactory hardware is currently available based on a
military-qualified version of the PDP-1l computer and an array processoxr
built to be in compliance with military standards. This hardware occupies
3,52 cubic feet (4 ATR modules) including space for interface electronics.
The cost per unit (based on a 4 unit purchase) is $313,000 with delivery
within 6 months. These cost: 4o not include that for the interface

circuitry which is application dependent. With this hardware the M7BX3

o A




version could be operaced with at least a + kt Doppler uncertainty

in a single channel mode or a low-Deppler strategic System could be
operated on eight channels.
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Prefa t of 6 June 1979

Three minor changes were made in the year since the original
report was written.

Fintf a limit, ZSHLIM, on the magnitude of the fine-grain
frequency shift performed by ZSHIFT was mcorporntid. This prevents
the ZSHIFT algorithm from radically modifying the signal frequency
when the signal to noise ratio is too low for a correct fine-grain
frequency measurement.

Second, the search algorithm has been applied after the ZSHIFT
in the in‘tial demodulation. This post-7SHIFT search improves the
frequency synchronization on the initial dmdula;ion and leads to
better initial symbol decisions. &

Third, the nomenclature for the statistical output variables
has been improved. Appendix A gives translation tables between versions.
The new nomenclsture for am output variable XXN tells which stage N the

variable XX was computed:

X Stage

4] Primary Search

1 Secondary Search

2 Initial Muheiau.‘
3 Bootstrap Demodulation

This change does not apply to input variables, i.e., R2CUT$ is
used on nil spplications of the ZSHIFT algorithms, mot to the primary

search.

— ’
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i. Introduction i}

. The objective of this paper is to provide a puide for the

suterpretation of results from the M7 receiver, so that its capabilities

can be understood prior to an cxpeti;cnc at sea. Although no attempt is
made to explain the theoretical and engineering considerations behind the

M7 sve.en, sufficient background to understand the various parameters is
provided. After a quick overview of system operation, a detailed description
of the transmission format is given. This is followed by a description of
the cutnuts corresponding to both synchronization and information processing

stages of the receiver.

2. General System Cperation i}

i} T™e operation of the M7 communication system is based on a
random bit stream known only to the transmitter and receiver. Such a bit
stream, along with identifying labels, is referred to as a KFILE, whc.e
the "K" is for “key stream". Specific KFILES are generated by undersampling
a2 laboratory thermal noise source. Since no communication is possible if
the transmitter end receiver are using different KFILES, great care is taken
to avodd mixcd usage!

B The M7 transmitter gemerates the M7 communication signal, as
well as a number of classical channel measurement signals such as CW,
coherent pulses and periodic pseudo-random sequences. In the M7 mode; the
KFILE and recefver parameters are entered by the operator. Errors in the
KFILE or between the KFILE parameters and those specified by the operator
are autcmatically indicated. The operator also enters the message in either
hexadecimal or radix 40 (A~Z, 0-9, ?/%-) notation and starts the transmission.

Transmigsions can be sent either one at a time or periodically at a specified
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delay. Provision for a continuous carrier (CW) while in this mode is
available, with the carrier to burst energy ratio ndjustabh‘fra- 1t
(during the burst).

] The M7 receiver is a flexible system for detecting and
processing the transmission, the details of which are beyond the scope
of this note. Because a particular version of the M7 system requires the
specification of 27 parameters, a set of parameters and an identifying
label for a particular version of the system are placed in a file, called
the RFILE (R for "receiver") for use when required. Opcndm of the
receiver requires the presence of precomputed vectors on another file.
These vccf.ora are calculated from the parameters and the specific KFILE
in use; the file that contains them is called the VFILE (ﬁ for "vector").
When the receiver is started, the correspondence between the parameters |
of the RFILE and the vrtu is verified. The interrelation of the various
files and the programs that generate them is shown in Figure 1.

] Meny outputs are available during the operation of the receiver.
If the input is from an analog source, an industry-compatible (IBM) tape
can be written, containing all the unprocessed input samples. Approximately
24 hours can be placed on one tape, which can then be reprocessed by
the receiver with different parameters (i.e. a different RFILE). A conventional
teleprinter allows operator control and provides a single line containing the
time and information eon;:aat (in both m.«iocml ud radix 40 notation) for
each burst received. A line printer provides more detailed information in
several forms. First, a single line is typed for each burst, giving 10 different
measurements on that burst, including time. Second, at the end of each page,
{typically 1/2 hour/page) 2 statistical summary (mean a;ud standard deviation)
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for 50 variables averaged over that page is printed along with the number
of bursts and characters received during that page. Finally, a complete
summary of all the results plus error measurements can be printed either
periodically (typically every 4 hours in the lab) or at the operator's

discretion. An X~Y oscilloscope display provides the magnitude of either

the channel impulse response or channel spectrum at the operator's choice.

3. Transmission Format

i} The M7 transminsion is formed by phase modulating a sinusoidal
carrier at a frequency fy. This modulation is performed on small pieces
of the carrier referred to as digits. Each digit consists of an integer
number of cycles, Nq, of the carrier and has a time duration , Tp = “Q/f’i"

The bandwidth of a single digit has a sin x/x spectrum centered on the carrier
frequency and with a first spectral zero at f.z.lllQ on either sid.. Equiva-
lently, the 4dB bandwidth of the digit spectrum, W,, is £1/Ny. Because of
the random structure of the modulation of successive digits, the power
spectrum of the overall transmission is (in expectation) that of an individual
digic.

Il A complete transmission is constructed by phase aodulating N,
consecutive digits according to two bit streams {a,} and “’1} which are based
on both the KFILE in use and the particular message being sent. The derivation
of these streams will bo'oxplaimd in subsequent parsgraphs. The total duration,
Tys of the burst is

'l“ - l.. 'l‘p (1)

= H‘. nﬁlff {2)

TR —— i




- 5
Taking the 4 dB digit bandwidth, QD’ as the system bandwidth yields the

following result for the transmission TW product:

Ty, = RD'“Q”': meQ &)
= Hl )

Thus, the transmission TW product equals the number of digits in the burst,
Ny In current versions of the system, Ny is constrgined to be & power of 2.
' @ N, -ary biorthogonal signalling is used ta impose the ;nfomtion
on each burst. Although the name sounds esoteric, the technique is not
difficult to understand. The parameter N, is the number of different symbols
which can be transmitted in a given symbol position. For example, in dialing
a telephone N, = 10 as only the integers 0...9 can be ‘used. In order to
facilitate the cmnfon between bit patterns and symbols, K‘ is required to
be a power of 2 in tim“r:umnt system. This means N, bits are contliuci in

each symbol, where
Ny = log¥, ()

will alwayc be an integer. The symbols are biorthogoysl in signal space in
that for any two different sywbols, either the symbols are orthogonal to each
other or the symbols are the negative of each other. The reason for this choice
is beyond the scope of ‘the present paper.

@ Each burst of li' digits is divided into ’G symbol positions,
that is, there are “G symbols per burst. To maintain homogeneity among the
symbols in error performance, the number of digits in each of the ‘G symbol
positions should be nearly constant. Because !G may not divide !' perfectly,

the number of digits yer sywbol position can’t slways be made equal for a given

e T .
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choice of “B and KG. In the current system, the NB digits are divided into
Nﬁwl symbol positions of Ns digits each, plus one slightly longer final

symbol of N digits. Because of the structure of the current system,

S(LAST)
NS must also be a multiple of 16. The equations for Ny and gS(LAST) are then
[
Ns = INT STH 16 {6) L
.
Ns(uast) = Np = (Ng-1)°Kg L i

where INT[x] is the "integer part of x" function, f.e. INT [8/3] = 2.
If Isc happens to be a power of 2, then Hs = Ng (LasT) and the symbol positions
have the same number of digits. In practical cases considered to date, Xs

and N differ only slightly (i.e. 5%).

S(LAST)
i As indicated above, the phase modulation of the Ny digits is
based on two bit streams {a(i)} and {b(i)}. Both streams are de ived from
the random bit stream, {k(i)} contained in the KFILE. The random bit stream
{k(1)} must contain nz-(l & (KIL/Z)) bits. The stream {a(i)} is called the

probe bit stream and is simply the first Ny bits from {k{1)}:

a(i) = k(i) i= o...l(s-l (8)

where each k(i) is either zero or one.

i The second bit stream, {b(1)}, is called the information stream
and is derived from the information being transmitted as well as the bit
stream {k(1)}. Let {I(k)} be the information bits to be transmitted where
1(k) is either zero or one. The sequence {I(k)} has Ng-N, bit values as
there are N, symbol positions capable of conveying N bits each. Prom {1(k)}

two !{c long sequences can be derived which are useful in subsequent work:

- #



il ’
N, -2

L (xL-nz)-:
SYM(Z) = T 2 I(N-t+71),

r=20
L= 0...?\'(;“1 (9)

SYMSGN(R) = I (BL'& +* NL-'I),
= O.uBG-l (10)

SYM(2) is simply the usual integer representation of the first KL-l bits
of the f~th symbol pos'ition. For example, if !(L =4, lic = 2 and {I(k)} =
1,0,1,1,0,0,1,0, then {SYM(2)} = 5, 1. SYMSGN(L) is the RLth bit in the
¢~th symbol position. In the preceeding examwple, {SYMSGN(%)} = 1,0,

. The information stream {b(i)} may be derived bLased on SYM(%)

and SYMSGN(L). Define £ as follows:

i) = it 0 <OigE)-1 ()

= t{G : otherwise - 2
Thus, £(1) is the index of the symbol position to which the i-th digit belcags.
The condition in Equations 11 and 12 is necessary because l!s(mngus, which
could yield 2(1)>N,~1 if it were not imposed. The information sequence {b(i)}
can then be written: .

b{i) = smscx(i(s))@k 8y + Ng [{x‘/z) 1) + svxci(i)a +1)
- 1= 0,01 (13)
where@indicatu modulo 2 add;ltion.
I Equation 13 can best be understood in conjunction with Figure 2.

The first Ny bits of {k(4)} are used tc form the probe atream marked 'PROBE'
in the figure. The next RA/Z“S bits form N, /2 symbol waveforms for the first
symbol position, where each symbol uses Ng bits. These symbols are represented by

the rectangles marked ¢ throuih 7 in the left column of the table. For ;,(i) =0,

e
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the first symbol position, Equation 13 becomes:

b(1) = SYMSGN(0) @k (N, + Ng*SYM(0) + 1) (14)

S
i= 0...NS-1
That is, b{i) is taken from the symbol specified by SYM(0); then Inverted
or not inverted according to SYMSGN(G;. In the example, SYM(O) = 3,
SYMSGN(0) = 1, thus the first ﬂs bits are the complement of those in the
rectangle marked 3. This is indicated by -3 placed in the first symbol
position. Other symbol positions are filled by moving KS‘xA.Iz.;’(ﬂ bits
along the {k(i)} stream and performing the same process.
il Note that because of the random structure of {k(i)} there is
no relation between the ptoben and any of the rectungles marked 0,..95 nor
between rhe rectangles. This is a2 key point in the denial of signal
processing gain to an interceptor who does not have {k(i)} available.
i Given the probe and information bit streams {a(1)} and {b(1)}
of length NB' the transmission can be easily constructed. First, however,
these bit streams must be converted to Sipolu‘ form, that is have values
of either plus one or minus one. Let
a(i) = 2a(4)-1 L= 00Nl (15)
B(i) = 2b(1)-1 1=0..Mp1 (16)

Further, define p(t) to be a rectangular baseband pulse of duration equal
to the digit duration, TD‘ That is

p(t) =1 OsteT (an

= 0 otherwise (18) N




o 0

Then the M7 transmitter output, m{(t), is given by
NB—I
m{t) = ¢ plt=i ‘i‘D) {a(i) cos Zﬂth - b{1) sin 21:5th (19)
i=0

Since ;(i) and 8(1) are bipolar, the i~th transmitted digit consists of
a cosine component, whose sign is set by the probe stream, ;(i}, plus a
sine component, whose sign is set by the information stream, ‘;(1).

Figure 3 depicts these components, with the resultant vectors labelled
(;(i). {:(i))‘ Note that because of the symmetry of t;he modulation and
the randomness underlying {;(1)}, {5(1)}. the sverage of the transmission
over the burst will be zero. This means that the spectrum of the burst

will have no discernible carrier.

(=1, #1) {(#1, +1)
o ==l
cosine phase
a, =4
p §
(’1‘ ) “1-) {*‘, ‘1)

Figure 3: Digit modulation alternatives. [}

(This figure SN
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Il Although the abeence of 8 carrier lipe jun the transmission
spectrun is essentisl for a ;rwttcd!oyuu. it prevents the concurrent
processing of the signal by traditional (CW) methods, Since evaluation
of the system must be done in cooperation with other (CW) studies, the
existing transmitter has been &nigu& to inject & specified amount of
carrier if necessary. This allows the transmission to be processed both
the M7 system and traditional CW methods without apprecisbly reducing

either's performance. With this modification, Equation 1% Decomes:

I §
‘ L

m(t) = T p(t-iTp) {a(1) cos 2nfyt - b(1) sin z,,f,r:} + Koy con 2nfyt
1=0 {20)

where KCI i{s the carrier injection coefficient. If (CI = 2, then equal
amounts of signal emergy are contained in the burst and in the carrier

while the burst is on,

11
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4. Receiver Operation and Results [l
4.1 General Operation [

I  An overview of the M7 receiver operation is presented in this
section to on.;hlc the reader to understand the many results produced on-line
and in real time by the receiver. Operation of the receiver can be considered
in terms of two independent processes: synchronization and demodulation.
Synchronization is the process by which the presence or absence of an M7
signal is determined; 1f the signal is preseat pteli-inar} estimate of

its time and frequency location is provided. If a signal is present, the
demodulation process is initiated, which removes any residual Doppler from
the signal and makes the necessary symbol decisions.

[ During operation, the receiver prints results on both the tele-
printer and line printer; producing line nmlric_c, page summaries and
block summaries, as well as a printout of the message. The block summary
is s single 8-1/2 x 11 sheet summarizing all results over a selected period
of time, typically several hours. Although the block summary has the most
densely packed results, it is the best one on which to learn to interpret
the syuci outputs. Consequently, the discussion of line sumnaries, page
summaries and message printouts will be deferred until later.

B Figure 4 depicts a typical block summary, along with hand anmnotation
of relevant outputs. ' The top-most encircled line identifies f:hc receiver
date and the time interval over which the data is summarized. The quantities
in parentheses give the duration of the interval in HOUR:MIN format. When
using the receiver, the computer program date should be verified to be that
of the latest revision. The times are indicated in the format DAY :HOUR:MIN,

where DAY is the day of the year.




- The second block from the top identifies the particular version
of the receiver in use, as specified by the contents of the RFILE. All of
the parameters associated with the version are printed, The parameters

NA, NB, NG, NL, NQ, NS and NSL = wvere defined in the preceeding

%5 (Las)
section, the remaining parameters will be defined later.
-' The third block from the top defines the VFILE in use. Because
of an interlock, the parameters of this VFILE necessarily correspond to
. those of the RFILE., The first 4 lines in this block are the VFILE identifi-
cation, which is identical to the KFILE identification. The quantity NK
is the decimation factor used in generating the sequence {k(i)} in the KFILE,
the quantities NIV, NOV are parameters dealing with the construction of the
VFILE and will be described later.
] Te fourth block from the top describes the data being applied
to the receiver. If the input is analog, the data header is entered by
the operator, if the input is from tape, the data header is taken from the
tape. The data header containg the starting time of the data and the receiver
center frequency, fx and “Q' While the value of NQ placed in the dats header .
by the operator must agree with that of the RFILE, the center frequency can
be adiusted to meet particular operating conditions. Also included in the
data header i{s the frequency of the sampling clock, vhich is always equal to
“f?.‘
. Finally, in the lower right hand cornmer is a block labeled NDBV( X )
with two numbers below it. This represents the average input level in dB
relative to one volt, as measured at periodic intervals., The quantity X is

the number of such measurements taken, the first number below it is the mean

value, the second below it is the standard deviation. The measurement NDBV

e
R
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is taken independently of whether signal or noise is present and hence
may contain portions of both signal and noise. The primary purpose of
computing NDBV is to assure that the input of the A/D comverter is not

overloaded, which occurs roughly at NDBV = + 3 dBV,

. The objective of the synchronfzation procedure is to determine
the presence of absence of the M7 signal; if it is present, a preliminary
estimate of its time and frequency location must be produced. Each input
complex sample x{i) is assigned an index number and rotated through a disk
buffer file called the BFILE (B for 'buffer'). The primary synchronization
search is performed on successive K.‘-long vectors ie(i) separated by !E

complex samples.
X0 = [x(18p)ee0 x{deNg + Ny -1] (21)

If Np <Ny, as is usually the case, the vectors io(i) overlap. When the
primary search indicates a signal may be present in io(i), a secondary
search is initiated to better resolve the time and frequency location of
the signal. If the results of the secondary search confirm that a signal i
is present, the demodulation procedure described in the next section is
initiated; if the secondary search fails, the receiver continues with a
primary search of iO(i +1). Figure 5 is helpful in visualizing the
synchronization process.
. 1f the receiver enters the information processing procedure, the

data is displaced by an additional amount NEl to make up for the additional ~
time spent in information precessing.

Io(i +1) = [x(LeNp + Np + Mo, )ooux(dolg + No # Ny, + N, - 11

(Post Demodulation) (22)

T

"
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This gives rise to a period of receiver blanking of duration NE + l!m after
every entry (false alarms too!) into the information procedure. Consequently,
messages that are sent too close together or which follow a false alarm may

be missed. Current values of HE and EEI are sufficient to assure that signals
sent at a 50% or less duty factor will not be missed because of receiver blanking

unless a false alarm occurs.

4.2 Synchronization =T

B 511 the details of the primary search will not be presented here,
however, meaning of the parameters related to it will be given, The objective
of the primary search is to determine whether signal is present within the
vector of input samples, xo(i), pPresented to it. Because the signal may
start or end at any point in the vector and may be located st a substantial
Doppler offset from the receiver center frequency, fR’ the primary synchroniza-
tion task is formidable. The search is performed over several Doppler offsets
and effectively all possible time offsets, to obtain the primary search
output, L¢, and the estimated time and frequency locations of the signal
78¢ and FS¢.

- The structure of the frequency search is worth noting. For con-
venience, frequency offsets are considered in terme of line spacings of the
Fourier transform of the N! output points rather than in Hertz. This makes
interpretation of the frequency offsets independent of frequency and system
Q, Rq. The spacing between spectral lines in Hertz is the reciprocal of
the Na-long block duration.

£
DFLINE = 'n"%" (23)
s

e O
.
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A frequency shift of mrnz Hertz is then equal to the following offset
in terms of spectral lines: |

DF,
L 26)

DF = SFLINE

Unless explicitly labelled ;n being in Hertz, the output results of
the receiver are in terms of spectral line spacings as indicated by
Equation 22 above. Because of the structure of subroutines internal
to the receiver, the sign of all frequency offsets is inverted from
the usual notion. That is, a signal received at DF = +10 actually
is below the receiver frequency fR’ not above it.

- For small amounts of Doppler, Doppler on a wideband signal
can be considered as a frequency shift, The Doppler search can then
be conducted by simply offsetting the transform of the input by an
integer number of spectral lines, k. In order to increase the detecta~
bility of the signal, however, a finer grain search may be called for.
The search algorithm in the receiver provides for this by permitting “TQ
searches within a given line width. Thus, the resolution in Hertz of the

search process 1is

DF, - ._.._-.fL.._
RESOLUTION (Hz) IQ'II'I!‘ (25)

Let the total width of the search be N, spectral lines (#NW/2 lines) or

£
R
Prace (i) = FWy * N o

Thus for small amounts of Doppler, Hw specifies the Doppler range being
searched, whereas ll,l. ¢ indicates the spacing of the search.

B For non-trivial amounts of Doppler {"+ 8 spectral lines), the

time dilation effects of Doppler must be taken into account or




R s

dramatically reduced performance results. This is handled in the M7
receiver by generating ND-cme. dilated waveforms separated by xw spectral A
lines. A search of + 'ﬁ/z spectral lines is performed about each
waveform, so that the Doppler offset between the input and the correlator
waveform {s at most !“A spectral lines. The frequency interval of
width Ny centered on a time dilated correlator waveform is called a
time dilation bin. This yields a ;otal search range of KH spectral
lines where

Ny = %% @n
The total search range in Hertz is:

£

R
DF paNcE(Hz) ™ oy * Ny (28)

For convenience, Kg is constrained to be odd by the current version
of the receiver. This assures that one of the correlator waveforms
is un-dilated (i.e., at zero Doppler). Figure 6 is helpful in
visualizing the parameters Hw. u.w and NH

B At each Doppler offset, the receiver calculates the cross-
correlation of the input vector £(¢) with the transmitted probe wave-
form. Since the spectrum of the probe waveform is nearly white because
of the randomness of the {‘i} stream, the cross correlator output
approximates the impulse response of the channel. The correlator
output is squared to provide an energy measurement, and then summed

i
over N.. samples starting at each possible time offset, i, 0‘_:1«:!’.

H$
Let y(i,k) be the {complex) correlator output, Ogi«tﬁl at the kth
Doppler offset. Then the summer output z(j,k) for a time offset i

and Doppler offset k is simply:

R e
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2, V=1 |y, |2 (29)
i=}

where the index is calculated modulo NB. Because of the excellent ambiguity

function (in expectation) of the transmitted probe waveform, z(j, k) can be
expected to reach a maximum when k* is the Doppler offset closest to the
received signal. Likewise z{j, k%) can be expected to reach a maximum when

the index i* specifies the start of the most energetic segment of the

channel impulse response, The output of the primary synchronization procedure

!.0, is then
£, = liﬁmux { max z(3, k) }
I e (30)
N, ~1
1 B
My ¢ P x @ |?
i=0

Bere the factor 1/8‘“ and the denominator serve to normaiize the output
against changes in input level. If the channel is ideal and‘m noise is
present, !.0 takes on the value Hsfﬂm. Let j*, k* represent the time :n.nd
Doppler indices for which the maximum is attained.

i The final step of the primary synchronization is to compare !.9
with a prescribed threshold, FTHRS$., If .to is below the threshold, a
“gignal not present” decision is made and the search is initiated over a
later data vector. The synchronization output, zo. is saved as the result

LN, If £Q exceeds the threshold, FTHRS¢, the secondary search is
initiated. Furthermore, the following results are saved: L¢ = 10.
TS¢ = j*, and FS$ = k*, The indices of the maximum, j*, k* are passed

to the secondary search.

S T SR



BB At first glance, a secondary search does not seem necessary as
an estimate of the time and frequency location (j*, k*) are available at
the conclusion of the primary search. In fact, a secondary search is
necessary for two reasons, First, the primary synchronization output, 10,
could have been obtained as a result of a signal starting at either i.o + }%
or at ie + j* = N, where iﬁ is the index of the fiut complex sample of
the vector iotk) processed in the primary synchronization. This ambiguity
of RB complex points must certainly be resolved. Second, better overall
performance can be achieved if the search is repeated with the input vector
more closely aligned with the imput signal and with a finer resolution in
the frequency search.

B The secondary synchronization search involves the same calculation
performed in the primary search, but acts on different vectors and with a

different Doppler search range. Two input vectors are searched, one beginning

% %" %), &
ahead of X, u, Xl(i) and one behind 0(1}, X, .

X;m =[x (1Ng + 3* -x‘),..., x (1-1:E + 3% =1y 1 (31)
" B = [x (Ll + 49,000, xUeNg + 2+ 8 -1 ) (32)

In order to save computation time, the search is limited to a range of #DF1
spectral lines centered on the estimated Doppler offset k*. To provide better
frequency resolution, the number of interline searches is taken as Nn instead

of hl.r as in the primary search. This yields two secondary synchronizat ion

L]
outputs z;, corresponding to the older data and 1';, corresponding to the more
recent data. With each of these cutputs are estimates of the time and

. frequency locations of the signal, ;;, 3“{, q. i;.

I The secondary synchronization outputs l.;, 1.1' are compared against
the secondary threshold, FTHRS1. If both outputs are below FTHRS1, then the

statistic LIN is updated by each value. If one of the values exceeds FTHRS1,
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%
say £, then information procedure i{s initiated, and a "signal present" indi-
+ +

-

cation is made, The following statistics are set: 1Ll =¢,, TS1 = 3;,
FS1 = k;ﬁ. The instance where both outputs exceed the threshold is
extremely unlikely. The current program processes the earliest segment
and then skips over the second.
 To facilitate evaluation of the synchronization performance,
bursts are usually transwitted at a speciffed duty cycle so that the number
of complex samples between successive bursts is known, The receiver calculates
the difference in complex samples between detection and designates it as
the result DT For bursts sent at a 50% ducy cycle and zero Doppler
the difference PT should be simply 2Ng. If DT is found to be &X!, a burst’
has been missed and synchronization performance can be scored appropristely.
Bl Figure 7 depicts the same block summary sheet as in Figure 4,
but with parameters and results pertaining to synchronization annotated. In the
RFILE header, the parameters related to synchronization are underlined. The
first encircled line gives the number of bursts detected, that is the number

of times, N information procedure was initiated. Also given are

pursT® the
the total number of symbols mG.RWRSI‘) and bits (NG'RL’KBURST) contained

in these bursts, The variables luballad* 1$, L1 are the primary and secondary
syachronization outputs given that the thresholds wexe exceeded, The numbers
directly below the labels are the means, the numbers below the means are the

standard deviations. The time and frequency estimates for the primary and

secondary searches (TS¢, TSL, FS¢, FS1) are also given. Finally,

LON(NN) and LIN(NN) give the primary and secondary synchronization outputs
given that the thresholds were not exceeded. The numbers in parentheses

indicate the number of points on which the means and standard deviatioms

N b"eé | —
4
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4.3 Demodulation i

. At the conclusion of the synchronization process, the demcdulation
process is initiated if a ''signal present’ decision was made. Estimates of
the signal's time and Doppler location are available when demodulation be-
gins. The demodulation process consists of 2 steps: an initisl demodulation
to determine the symbols transmitted followed by a bootstrap demodulation
based on 2 higher quality channel measurement. Figure 8 provides a flow
chart for the overall demodulation process. Note that each demodulation
step consists of 5 operations: frequency nhifiing, a search, further
frequency shifting, channel impulse response measurement and symbol de-
cision making.

4.3.1 Initial demodulation |}

‘li The first step in either the initial or final demodulation is to
shift the signal to zero frequency via the ZSHIFT algorithm. This
algorithm is applied to the data six times throughout the demodulation
process. The ZSHIFT aigorithm takes the time dilation effects of
Doppler into account. This is donme by interpolating the data at a rate
corresponding to the Doppler offset found during synchronization., In
the current program, a sinx/x interpolation function is used with Novth
order interpolation. Because the calculation of the requisite sinx/x
function is time consuming for the "R:- o Points required for the inter-
polation, the sinx/x function is calculated from tabular values. In the

current program, the table values have KI points between zeros. Since
the function is symmetric, only xé-uz /2 points of sinx/x need be com-

puted, a considerable savings in time. The use of tabular values for

sinx/x results in a trivial increase in interpolation error.

»
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] 3efore continuing the description of the shift to zero Doppler,
note that the variables NIV, NOV in the VFILE header have the same roles
as NI’ Ro in the construction of the VFILE, They are used to construct

the ND time-dilated rapresentations of the probe component, as required

by the synchronization procedure. Although Npys Ny and N,

in current versions, no interlock is enforced. Thus the quality of inter-

ﬁo are equal

polation for the synchronization vectors can be different from that in
the demodulation process.

l.' The shift to zero Doppler is not complete after the above
mentioned interpolation, as some slight residual phase shift across the
input vector might remain, Since the sign of filter outputs is important
in determining the symbol values, such a phase shift must be minimized.
This is accomplished by partitioning the signal into two halves and
construction the channel impulse response from each half. To improve
the quality of these responses, they are filtered in the time domain
by a procedure described under the channel measurement operation below. ]
Two parameters involved in this filtering are Kﬁl’ the width of the time
window and R2CUT®, the threshold on magnituded squared. The complex
correlation between the two halves is then calculated and the angle of
the correlation vields the final frequency shift required to achieve
zero Doppler. To preclude excessive final frequemcy shifts at low S/N,
the magnitude of the final frequency shift is constrained to be less

than the parameter ZSHLIM. .

_l

.
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B The results of the shift to zero Doppler is expressed in the
measurement of the frequency of the incoming transmission, designated
F2. At the conclusion of the shift, the complex correlation coefficient
is recomputed, to give an indication of any residual Doppler. This
yields two additional measvrements: R2 which is the magnitude of the
normalized correlation coefficient and A2 which is the angle, in
revolutions {360° = 1), of the coefficient.

- Each application of the ZSHIFT algorithm yields three variables:
the frequency measured FN, the magnitude of the correlation coefficient,
RN, and the angle of the correlation coefficient AN.

B The second step in either demodulation process is to re-apply the
SEARCH algorithm to the signal which is presumably at zero frequency.
This seemingly needless function isin fact important because the
frequency estimate from the earlier search 1s subject to distortiom
due to time dilation offcc_u. The ZSHIFT routine brings the signal
close enmough to zero frequency that the frequency estimate from this
search, designated the post-ZSEIFT search, is of high quality. The

results of the post-ZSHIFT search are givea in the statistical outputs

L2, TS2 and FS2, which are the output level, time estimate and frequency
estimate, respectively.

Bl Vhen & burst of Ny complex samples is transmitted through the
ocean, multipath increases the duration of the received signal beyond

Ns samples. The time location found by the synchronization process

Ey—

effectively locates the start of the most energetic Rs-l.ong interval

containing the signal. In so doing, a portion of either the first symbol

”
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or last symbol may fall outside the interval specified by the synchronization
process, which will lead to errors on these symbols. To counter this pro=

blem, the receiver processes the signal in two passes: In the firat pass,

designated the A pass, it acts on a signal ratarded by nl-ll complex points

to determine the first KG /2 symbols. This retarded signal certainly con~-

tains all of the first symbol emergy, but may miss much of the last symbol.

In the second pass, designated the B pass, it acts on a signal advanced by

Nm complex points to determine the last NG /2 symbols. This advanced
signal certainly contains all of the last symbol energy but may miss much
of the first symbol. Becsuse Kﬁl is small relative to NB’ the offsetting
process does not significantly effect the subsequent processing of the
probe component,

B Firsc, che input to the pass is shifted to zero Doppler vies
the ZSHIFT algorithm, This yields the statistical outputs FZA, F2B,
R2A, R2B and A2A, AZB. Because the frequency estimate provided to the
ZSHIFT algorithm has been improved by the post-ZSHIFT search, the
frequency estimates F2A, F2B are generally better than the earlier
estimate F2,

B The next operation if to measure the channel impulse response
for construction of the symbol matched filters. This is accomplished
by crosscorrelating the transmitted probe waveform with the input signal
(now at zero Doppler). Two filtering operations in the time domain are

applied to the measured response to improve the quality of the estimate.

A Y
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First, the most energetic contiguous segment of Nm points is located
and all points outside that segment are zeroed. Second, the maximum
value of magnitude squared for points within the segment is computed
and points within the segment below R2CUTL times the maximum in magni-

tude_ squared are zeroed. This leaves a response with only significact

points non zero.

Bl Sseveral important statistics are computed while deriving

the channel impulse response estimate. Prior to the filtering operations,
the ratio of the energy in the selected umvlong interval to that in an
interval N!/Z points away is computed. This forms the basis for the
calculation of the estimates of imput signal to noise ratio, SNR2A, SNR2B,
in dB. Because of the equation employed, these estimates are 3 dB below
the actual S/8. Further, the equation employed is appiicnbh only for
5/N's below -3 dB. The starting index of the N, long interval is saved
statistically as TP2A and TP2B. Also the number of non-zero points in
the channel impulse response is saved as NZ2A and NZ2B. The latter
quantities provide a good measure of the severity of multipath,

B The third operation in the initial demodulation is to make the

decisions on the received symbols. This is done by applying matched filters

corresponding to each possible symbol. The channel impulse response measure- u
ment is used to construct each filter, so that the fi{lters are matched to
the received symbol waveform. Because of the way the filters are constructed
the correct sampling instant for each filter decision is known. Consequently,
there are KG.KA/Z signed real numbers corresponding to the outputs of the '
symbol filters. Symbol decisions are made by choosing the filter output
having thf largest magnitude (out of BA/Z filter outputs) for each of the KG

symbol positions. The sign of the filter output along with the identity of
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that filter sets the symbol value.

. For non-binary signalling (N*'»Z), an interesting statistic based
on the symbol filter ocutputs is computed. Suppose !iA = 16, then there are
8 filter outputs, 1 which is the maximum which corresponds to the correct
symbol and 7 that correspond to the other, presumably incorrect symbols.
The ratio in dB of the maximum filter output to the average non-maximum
symbol output is calculated for each of NG symbol positions. This result
is then a\feraged over &G symbol pasitioqs and saved as the statistics INF2A,
INF2B, providing a good measure of the quality of the symbol decisions.
When HA-Z {binary signalling) this statistic cannot be computed as there
is only one filter output, and INF2A, INFZB are set to zero.

. When an RFILE is generated a correct message is specified to be
used in evaluating the system error performance. After each demodulation
the symbol decisions are scored against t;his message. A count of errors
by symbol position is maintained to aid in locating anouuc; in the pro~
cessing. A total error count is also maintained and an overall probability
of a character error PE(CHAR) is computed. The correct message contained
in the RFILE effects only the receiver scoring, arbitrary messages are
processed and printed without prejudice.

. Figure 9 depicts a block summary with the variables in the RFILE
header pertazining to initial demodulation underlined and with results from

the initial demodulation circled. 'The meaning of the parameters Ny N

Ng, ZSHLIM, R2CUTS and R2CUTL has been given above. The circled results
have also been explained above. Note, honvqr, the adjacent results of

similar annotation appear on the summary. They arise from the bootstrap

e
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demodulation described later. Thus, only the first of the error results
and those statistical results with a 2 in their label arise from the

initial demodulations.

4,3.2 Bootstrap Demodulation i}

- The error performance of the M7 system depends on the quality
of the channel Impulse response measurement. A better response measurement
will yield better error performance., Only one half of the transmitted
energy (the probe) is known exactly to the receiver and can be used in the
response measurement during the initial demodulation, After the initisl
demodulation, however, the symbol decisions obtained in initial demodulstion
can be used to form an estimate of the total transmitted signal. If the
symbol decisions are correct, this would increase by 3 dB the known part
of the received signal, and a better response measurement would result.
Bootstrapping is the process by which the decisions made in the initial
demodulation are used to improve the gquality of the information de~
modulation,

. In order for bootstrapping to be successful, the preliminary
symbol decisions should be very nearly correct. Since the receiver is
designed to operate with an initial probability of symbol error of .001,
few symbol errors are expected in any single burst. Although no
theoretical work on bootstrapping has yet been performed, empirical
results indicate that it reduces the symbol error rate under normal
operating conditions. Consequently, it has been included in the receiver.
The difference in error performance and other parameters between initial
and bootstrap operations indicates the sensitivity of these parameters

to a 3 dB improvement in probe energy.




.i ] The bootstrap process reconstructs the transmitted waveform
based on the symbol decisions from the initial demodulation. This re-
constructed waveform is then used in aubquuent applications of the zero
shifting (ZSHIFT), search (SEARCH) and progi reconstruction {PROBE)
algorithms. The order of ;pplic.tion of tﬂete algorithms is exactly
the same as for the initial demodulation. The resulting outputs are
completely analogous to those of the ;nitial demodulation, except they
contain a 3 in their designation instead of a 2, The only exception
occurs in SNR3A, SNR3B which measure the input S/N without the 3 dB
offset of SNRZA, SNR2B.

il 7o allow additional flexibility in the bootstrap process,
different parameters for the search width DF2 (in place of DF1l) and
for the probe threshold R2CUT2 (in place of R2CUT1) may be specified.
Current versions of the program do not make use of their capability
and set the values the same for the initial and bootstrap processes.

|I| Figure 10 depicts the block summary with the RFILE parameters
dealing with bootstrapping underlined and with the bootstrap results
circled. 83 is simply the energy in the input waveform prior to the
bootstrap demodulation. The statistics L3, TS3, FS$3, ;rico from the
bootstrap search, ihe statistics F3, R3, A3 arise from the bootstrap
zero shifting process, etc., At the bottom of the page, the frequency
offset F3 is converted into both knots and Hertz for convenience. The
quantities in parentheses are the standard deviations of the offsets in
knots and Hertz, Note that the character error count, character error
probability and character errors by locstion are given in theright most

or lower position for the bootstrapping demodulation.

Wi
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Bl The bootstrap demodulation does have one option not previously
described as part of the initial demodulation. In the initial modulation,
+ the received signal is cross-correlated with the transmitted probe waveform.

In the spectral domain, this correspornds to the multiplication of the

conjugate of the probe spectrum, ka) times the received signal spectrum
X{w). Let X(w) be defined as

X(w) = Alw)C{w) + N{w) (33

where C(w) is the channel spectrum N{(w) is the noise spectrum. Thus,

the correlator output Y(w) is
200) = |aGw)|Zcw) + A*(wIN(W) (34)

of which the first term is the signal contribution. For the random probe
sequences considered ]A(w){z is a constant in expectation, but in any
particular instance has some ripple. Consequently Y{w) does not equal
C(w) even in the absence of the noise term.

BB As 2 low cost feature, the current receiver includes the option
of using the inverse filter 1/A(w) rather than the conjugate filter A*(w)
in deriving the channel impulse measurement. This feature is in effect
only if INVFLG in the RFILE header is 1, and then only for the bootstrap

demodulation. With inverse filtering Y{(w) becomes

Tw) = I!(TJ [AG)C(w) + KGo)]
{35)
= C{w) + ncw)/A(v)

so that Y{w) is exactly the channel impulse response in the absence of

noise. This feature has been used very little and is not considered

likely to improve system error performance.

- = oo x A AR
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4.4  Other Receilver Outputs .

4.4.1 General: [}

- The preceeding discussion of the receiver outputs has been
centered on the block summary which can be generated either periodically
(typically every &4 hours) or at the operator's discretion. In order to
allow close monitoring of receiver performance, a number of other outputs
are available which are produced more frequently. These are the line and
page summaries, the message printout, the' oscilloscope display and the

digital magnetic tape.,

4,4,2 Line Summaries [}

. Figure 11 depicts a typical page summary, which is produced
at approximately 1/2 hour intervals. The first page summary of a computer
run contains the RFILE/VFILE/Data Header informetion found in the block
summary in addition to the data shown in this figure. A page summary is

composed of several line summaries, plus a2 block of statistical data

EER————————

corresponding to the bursts received during that page. In Figure 11, a
typical line summary is encircled with a solid line. Another type of
output line, known as an input level summary, is encircled with a dotted
line and will be discussed later.

- A line summary is produced for each burst received. The caption
line above the line summaries ir Figure 11 is helpful in interpreting the
contents of the line summary. The first dats in the line summary is the
time of arrival for the burst in DAY:HOUR:MIN:SEC-SAM format, wvhere SAM

is the complex sample number (within a 1 second interval). Thus the start

P
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of a given burst can be located to a specific complex sample in the data.

DT is the number of complex samples between the burst and its predecessor,
F is the frequency of the incoming signal in spectral line spacings

and with the inverted sign mentioned earlier (F = F3), Ll is the
output of the secondary search. R is the magnitude of the normalized
correlation coefficient as found in the bootstrap zero-shifting operation
(R = R3). SMR is the estimated input signal to noise ratfo in dB, and is
cbtained by averaging, SNR3A and SNR3B. SNR is valid only for imput S/N's
below # dB. NZR {s the number of non-zero points In the chammel impulse
response obtained by averaging NZ3A and N23B. Similarly INF is the average
of INF3A and INF3B and indicates the S/N in dB of the symbol decision making
process. E represents the number of character errors relative to the test
message. DBV is the signal energy in dBV as found in the bootstrap stage
(DBV = $3). Note that all of the quantities except L1 are obtained in
either the bootstrapping stage or final demodulatiom step of the receiver.
. Since line summaries are printed only when a burst is received,
no measurements of this type are printed under noise alone conditions.
Because operation with noise alone iz an important part of performance
evaluation, (for false alarms), a periodic output line, called the input
level summary, for such a sitvation is provided. As indicated vithin the

dotted circle of Figure 11, this line consists of simply the time and input

$ -
¥ -

level in dBV (DBV = NDBV in this line).

4.4.3 Page Summaries [}

- The page summary as indicated in Figure 11 consists of a short

title, page number, and caption followed by a series of line and input level



—
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summaries. At the conclusion of these lines, a data block completely
analogous to that of the block summary is printed. The data block gives
statistical data for the bursts on this page only, hence it is normally
the quickest statistical result available. The page summary concludes
with a tally of the number of bursts, the number of characters and
character errors (bootstrap demodulation) and the average speed in knots
(based on F3) for the bursts on the page. Immediately below this line

are the same results for the overall data block currently in progress.

4.4.4 Teleprinter Output il

- During the operation of the receiver, the block and page summaries
are printed on a line printer whose output is delayed for viewing by several
inches due to its construction. To allow the ¢perator to be nearly instan-
taneously informed of system operation, the control teleprinter provides
a single line of output for each burst. This line consists of the time of
arrival of the burst in the same format as the line summary, plus the message
in both hexadecimal and radix 40 notation. Figure 12 depicts a typical
teleprint.u; output. To alert the operator that a message will soon be
printed, the teleprinter rings a bell when the demodulation process is
initiated. It rings the bell again after the message is printed. Thus,
the operator can sense the proper operstion of the receiver when signal is

present by simply listening.
4.4.5 Oscilloscope Display W
[ A oscilloscope display of the magnitude of either the

channel impulse response or the channel transfer function is alsoc available,
The choice of time or frequency domain display is made according to the

\\\\\\\\\\\\\\\\\\\\\\\\\\\\
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position of SENSE SWITCH 3 on the fromt of the computer. Either display

consists of “111 time or frequency points as obtained by the most recent
channel measurement operation, the time display is given prior to the
threshoiding on magnitude squared, the frequency display is given after
thresholding. When the demodulation process is entered, four channel
measurements are made (A, B initial demodulation; A, B bootstrap de-
modulation) and displayed. This leaves the result of the B pass of
the final demodulation on the screen for the longest period of time.
The display inserts a zero lin; at about a 5% duty cycle so as to
provide a reference in looking at the magnitudes. No absolute levels
are available in the display as the output points are adjusted to pro-
vide a maximum resolution display. Further, no hard copy of the display
is available so that it serves primarily as a qualitative aid for the

operator,

4.4.6 Magnetic Tape i}

i} Vhen the input to the receiver is analog, a 1/2" digital ugn;uc
tape is produced containing the data header information and the unprocessed
complex pairs. This tape is written at 800 bits per inch in an industry
compatible (IBM-style) format on up to 10-1/2" reels. The structure of the
tape is very s:lnple and will be explained below. A "word" here consists of
16 bits with the most significant byte of each word being the first byte
on tape (PDP-11 users beware). : s N

i} The tape consists of a 256-word header record followed by consecu-
tive data records of 1,024 words each. No end of file marks are automatically

placed on the tape. They may be placed at the end of the tape by the operator,

however, the normal procedure is to write the tape until an EOT (end of tape)

indication is received. -




. The first record consists of 256 words, of which the first 128
words are an alphanumeric header, as printed in the RFILE header. The
characters are in ASCII format with the parity on (Mark parity), packed "
two characters per word in the ysual manner. Table 1 below is helpful in
understanding the contents of the header. Here WORD (1)...WORD (256) are
the (FORTRAN index) symbols for the 16 bit words on the header. Numbers

are to be interpreted in conventional two's complement form.

Table 1. Constants in header record il

(Tablo M

WORD(1)...WORD(128) } ASCII Title

WORD(X29) DAY

WORD(130) HOUR

WORD(131) MIN STARTING TI.HE OF DATA .

WORD(132) SEC

WORD(133) KHZ CLOCK FREQUENCY (4fg) IN KHZ, HZ, MHZ ,

WORD (134) HZ fo = 1/4 [1000. * KHZ + HZ + .001% MHZ] 1

WORD (135) MHZ m«;
. i

WORD(136) NQ } # of carrier cycles/complex pair 3;

o e

WORD(137)...WORD{256) } Not used, may be trash

e

. The remaining records consist of 1024 words of comsecutive
input data or equivalently 5i2 complex integer pairs.: The, first coigplex
pair on the record corresponds to the oldest complex pair received, the
last corresponds to the most recent. Thus, the time order on tape is .

conventional.




Relation between 1978 and 1979 Nomenclature i}

1978 1979 1978 1979
FL® 16 equivalent R2
FL1 Ll R1A R2A
No equivalent L2 R1B R2B
FL2 13 R2 R3
R2A R3A
TLOCH TS$ R2B R3B
TLOCL T81
No equivalent T82 No equivalent A2
TLDC2 783 TiA A2A
T1B A2B
FLOC® Fs¢ T2 A3
FLOCL FSL T2A A3A
Ko equivalent FSs2 28 A3B
FLOC2 FS3 .
ol No equivalent
No equivalent F2 DT2 DT {line
summary only)
FlA F2A
F1B ¥28 FS1A TP2ZA
¥2 F3 FS1B TP2B
F2A F3A . FS2A . -TP3A
F2B F3B F$28 TP33
NZ1A Nz2A FLON( ) LPN( )
RZ1B NZ2B FLINC ) LIN(C )
NZ2A NZ3A
N22B NZ3B NDBV NDBV
SNRIA SNR2A
SNR1B SNR2B Parameters new to 1979 version:
SNR2A SNR3A ZSHLIM - l1imit on final ZSHIFT
SNR2B SNR3B frequency shift
INF1A INF2A
INF1B INF2B ; »
INF2A INF3A ' .
INF2B INF3B
S1A No equivalent
S1B No equivalent i
§2 83
S52A No equivalent

52B Ko equivalent

LS
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Performance of the M7 System Simulation g

1. Introduction Jili

I The results of extensive performance evaluation of the M7
communication system by means of aim;hted data are presented. These
results include the effects of noise, i:hannel multipath, Doppler and
time of arrival uncertainty, and are presented over a range of input
signal to noise ratios. All of the results are for the M7BX3 version
of the system described below, however, the accompanying discussion
applies to other versions also. The results indicate that the system
is successful in acquiring and demodulating signals well below a 0dB
input signal to noise ratio. )

 This paper assumes a familiarity with the nomencla: re
and techniques of the M7 system. The information contained in Reference
1, "A Guide to the Parameters and Outputs of the M7 Communication System”
provides the recommended background.
2. Simulation Technigue |l

Bl The M7 receiver is capable of accepting either amalog or

magnetic tape inputs. In order to simulate the effects of a typical

acoustic chanmel and to exactly control the input signal to noise ratio,
magnetic tapes containing synthetic data were generated apd providéd as
input to bthe receiver. Because a large number of bursts is required

to evaluate communication performance, & single input tape contains

signal and noise under constant conditions and represents of the order

_ ”
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of 24 hours of real time operation, Each data tape is designated by

e s,

DDD:HH where DDD is the day of the year and HH is the hour the tape was
generated.
2.1 Synthetic Data Tapes

- Construction of a synthetic data tape begins with the specifica-
tion of a particular signal file, or SFILE. The signal in the SFILE can
be generated according to any version 6f the M7 system and the particular
message in the information component is°specifiable. The random bit
“ stream, known as the KFILE, is also specified at this point. After
constructing the signal, an arbitrary pappler offset can be applied, where
this offset 1nc1ude9{ the tgne dilation effects of Doppler.

- A second file, called the CFILE is constructed to represent
the impulse response of an acoustic chnnnel._ Examples of the two "FILEs
on which the results are based wil; be prennte«} later.

- The synthetic data tape is constructed fron an SFILE and a CFILE
at a specified signal to noise ratio. First the signal is passed through
the channel by a lagged correlation technique so that it is extended in
time as required by the chamnel. Note that the signal has Doppler
imposed on it prior to the channel. The energy content of the signal
is measured. 4 noise vector is obtained by analog to digital comnversion
of the wnfiltered output of a Hewlett-Packard 1381‘randol‘noicc generator
(set for no internal glippingz andh the energy of .the noise vector is
measured. Then the filtered signal vector is added to the noise vector

in a ratio to yield the desired signal to no:ll, ratio.




. To ensure that tiwe of arrival uncertainty can be properly
evaluated, the spacing between bursts ie set by a random selector
based on the noise source. A pair of signals is separated by 4096+ 512 x
complex samples where x is an integer uniformly distributed on 0<xz15.
The fixed offset of 4096 complex samples is provided to eliminate misses
due to post-detection blanking. The starting time of each burst on the
data tape is printed for later analysis.

ﬁ In summary, each synthetic data tape contains of the order of 24
hours of data (~350 M7B bursts) having the following conditions held
constant:

1. Signal version

2. KFILE random bit stream

3. Information on signal

4, Doppler offset

5. Channel multipath response

6. Signal to noise ratio
Signals appear at the qull;l.—tmdo- delays indicated, with both the noise
and the arrival delays being independent from one tape to the next.

2.2 M7BX3A Version

- The particular version of the M7 on which the simulatiun was
based is designated M7BX3A and represents the most a‘dvanced veuio:p
currently available., The 6¢limltor 'B' indicates the br;rat time Emdwidth
(TW) product is 4096, the designator '3' indicates the burst contains 10

symbol positions filled from s 64-ary signalling alphabet. The final
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descriptor 'A' refers to the particular detection thresholds in use
which will be described later. '

- The parameters indicated below were selected to allow evaluation
of a significant version of the M? system at sea over ranges of several
hundred miles. As such the system is on the boundary between a tactical
and a strategic communication system, Sinilaxlx,thc Doppler range was
selected s0 as to yield real time operation on eristing equipment yet
have some realism for tactical communications.

- Table 2.1 gives the characteristics of the M7BX3A version.

The indicated center frequency was selected to be‘fo-patiblekwith the
ONR-sponsored Eleuthera sound projector. With care, Fbe results given
here can be scaled to any frequency balg;'&ﬁo Hz. A{decailed specifi-
cation of the M7BX3A parameters appears in Aﬁpegdix‘A..

- As indicated above, the transmission contains 10 symbols taken
from a 64-ary signalling alphabet . This yields the equivalent of 60
information bits per burst, or a bit rate of .75 bi._tl/sec. Note that
no error correcting codes have been used in the sfatenf‘ The 8 second
symbol duration is sufficient to counter channel mu{tipa%hs arising
from ranges of several hundred miles. -

- The synchronization process ;af the M7BX3A rgcgeivex uses a 50%
overlap factor in both the time and frfquancy dqnnig,f(§8 - 20&8, RT¢ = 2).
The Doppler search is conducted over 15 time qélacion‘bins, each having
a width of 16 spectral lines (ND = xs,';u = 16). This)xicld: a Doppler

range of ¥ 21.8 Kts as indicated in Table 2.1. Secondary synchronization




SYSTEM CHARACTERISTICS

M7BX3Q - SPECIAL HIGH RATE VERSION FOR 78 NSUA
NH? = 16 , INFQ 3 NSURA-NUSC780

3¢ OCT 78 AT 1109 HR ¢ RETYPED 0S5 JAN 78 AT 9787 HR )

CENTER FRECUENCY ¢ HZ ) 204.800
PanDiIDTH ( 4 DB 5 HZ ) 51.200
BURST BURATION { SEC ) 20.00¢
BURST T~k PRODUCT 409¢
MO.ULATION TYPE . 64~ARY BIORTHOGONAL
SYHEOL DURATION ¢ SEC ) 8.000
SYMEOL T-W FRODUCY 409
BIT RATE { BITS/SEC @.75¢0
BITS / BURTT €0
DOFFLER RAMGE ( +=KT ) 21.842

5 r RTINS U ©

Pable 2.1 M7BX3A Characteristice T
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is performed over a t1 spectral line interval with a spacing of 1/5
spectral lines between searches. (DFl=1., NTl=35),

-Based on previous synchronization ttud:lf:, a8 low pass filter
integration time of 16 samples was selected. (NHé=16), Given this
choice, the primary and secondary thresholds were set at 2 and 4 standard
deviations above the mean of their respective noise distributions. This
was done to prevent false alarms from contaminating the various signal
measurements. As will be shown later, the choice of thresholds was
excellent.

-’rhe time dilation effects of Doppler were compensated for by
a 32nd order interpolation using a sinx/x interpolation function with a 512
point quantization between zeros on itsabscissa. (NO= 32, NI=3512). Fine
grain Doppler removal by ZSHIFT process was limited to ¥ .2 specti 1l lines
(ZSHLIM = .2).

- The channel response measurement was constrained ,to a 256 complex
point (5 second) width, with a 10dB threshold on magnitude squared (NH1 =
256, R2RATI = ,1). Impulse response and spectral displays during receiver
operation showed these choices to be satisfactory.

- Parameters for the bootstrap operation were taken to be identical
with those of the first pass. (DF2 = DF1, R2ZRAT2 = R2RAT1).

- A single random bit stream (KFILE) designated as K12013 was
used throughout the simulation. It was obtained by undersampling a noise

source by a factor of 4 and observing the polarity of the result, In terms of




balance (number of omes versus number of zeros) of the sequence is .09

binomial Standard deviations sway from equality. Although certain
earlier KFILEs were modified to be compatible with the Naval Ocean
Systems Center Channel Adaptive Receiver and used the same symbol
alphabet in each symbol position, K12013 was not modified and therefore
has different alphabets for each symbol position, Thus the KFILE on
which the simulation results are based has no known structure beyond
that of a random bit stream.

2.3 CELTHRA

jili Tvo linear channels were studied in the simulation. The first
is the ideal, single impulse channel, deaignated CIDEAL, which serves as
a point of reference. Tha second channel was taken from a measured
channel as described below.

] For realim, a simulated channel was constructed from data
provided by K. Metger of the University of Michigan and J. Speisberger
of Scripps Institute of Oceasmography. These data were obtained by
periodic pseudo random sequences transmission between the ONR
Eleuthers source and the 'M8' hydrophone, a distance of 350 nm. Con-
version from the analog data plot to digital form was performed by
choosing paths within 13 dB of the largest path. This yielded a ten
point complex impulse respomse over 1.75 seconds, as shown in Figure 2.1,
designated CELTHRA. Although CELTHRA is not intended to be a typical

AR i " S o O g T T
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or canonical chanmel for all communication environments, it does pro-
vide an interesting test of the M7 system performance.
3. simulation Results [l

B This section highlights the more interesting results
from the simulation. After defining the data set, the synchronization
and information demodulation performance of the M7BX3A system are
studied as a functiom of imput signal to noise ratio. Several of
the more interesting collateral receiver outputs are also considered.
A complete summary of thedats is given in Appendix B.
3.1_Data Description: [}

B Approximately 588 hours of data, containing 9027 bursts were
studied by simulation. A1l of the dats kept the items in Table 3.1
constant. The differsnces betwess dats tapes vere then the channel
and signal-to-noise ratio. The message vas selected for a demou.tration
at the Naval Symposium on Underwater Acoustics at the Naval Undersea
Systems Center during 1978. The selected Doppler locates the signal at
the extreme edge of the most remote time dilation bin so as to severely
test both the synchronizstion and zero frequency shifting algorithms.

Table 3.1 Fixed Parameters in Simulation .
(Table claseified NN

System: NM7BX3A
KFILE: x12013
MESSAGE: WSUA-NUSC78¢ {Radix 40)/943E 4487 DFEC (Hex)

DOPPLER: 21.5 Kt opening




wu

i Iable 3.2 gives an index of the data tapes on which the simu-
4 AP ! 3 2

»
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lation is based. The data consist of evaluations over different input

Wt

signal to noise ratios for both the ideal (CIDEAL) and ncasuted (CELTHRA)

channel. The tapes with signal to noise rntiac over ~7dB were

A

intended to provide calibration data and contain no uisses cr synbol

e AR /AP

errors. In general, each tape contalna thout 24 houts of daca or,

e n.;)l "

equivalently, 368 bursts and 3680 synbol deciaions.

©7 daat

3.2 Synchronization Perfomnce -

i Oreration of the M7 co-nunicgtion system can be considcred in

SRR N

¥ p’.ve’ £

terms of two consecutive procesnes. synchroniznton and infornation

dimodulation. The synchrontzation proccss determines if a signnl is

0 foo e LN

present, and if 1: is ptclant, it detcrnincl the cignal's ttartins time and
P AR o ";_,‘;;3 PR |
Doppler offset. The performance of the information dcnodulntion 1 "ocess

e B e

will be described in Section 3. 3.

I3 P LEIRE ST
[ The classical ncasurc of dctnc:ion pnrforunnce ia the Receiver

45

Operating Charactatistic (ROC) curve uhich i: 1m-cd1;:¢1y applicable in

S0y,

. the two alternative forced choice p:oblen. A cnntinuou:ly operlting

2 e

system, such as the M7 receiver, is not tcadily deacrib:d by an ROC

o, ¢ Ay

curve since the probability of false nlata, ?(!A), is difficult to define.
The approach taken here was to fix the two decidion thresholds and then
examine the probability of miss and the false'alarm rate at these

.

thresholds. e Tl st ARIRT SRR NG ¢ R
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S/N (dB)

+10
+5

n

108:07
124:10
109:09
28:13
53:10
50:08

© 19:16

18:09
11:09
15:07
22:09
113:07
149:07

(Table classified NN
IDEAL
Duration  Bursts  ID
22141 349 106:1¢
25110 389 123:10
11:08 166 107:07
26:30 410 110:09
3737 578 64:10
37345 583
25:16 388
36:37 565 66:07
33146 512 52:08
15:50 246 58:13
21 341 332 57:08
25:09 3’ apm
25:01 k] ¥ 61:12
344311 5287
9027 Bursts
588:22 Hours

CELTHRA

Duration  Bursts
7343 118
25:09 385
25:09 385
15:51 238
21:10 324
23:59 368
25:08 386
25:01 385
25:10 382
24:52 387
24359 382
244311 3740

i1
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. Figure 3.1 shows the probability of miss as a function of
input signal to noise ratio for the two channels vith thc receiver
operating with the 2,4 standard deviation :hruholda, WIXBA. The

ula&-

probability of miss decreases rapidly wi!:h signal to noile utu,
and is about a factor of 10 higher for CELTHRA than CIIERL. No misses
in 385 bursts were measured at -11dR for CIDEAL, for CELTHRA no misses
were measured in 512 bursts at -10dB. Ua}ng these u)u thresholds no
false alarms were obtained in 588 hours (-é6 1/2 days) of real time
operation. p

) The low false alarm rat:e 1nd1cat;d above, liag‘ge:ts a tcducticm
in thresholds to improve dctaction performance at t.h;e t;:pcnsg of false
alarm rate. To examine this 'possibility, another versioh of M7BX3
was based on thresholds loc‘::dy at the 1,?~‘;tundard :lt,;:;iu:ion poinLs
of the noise alone distribution: Thise n;;ifn was dtui‘i*p;utcd M7BX3B
and experienced 16 false alarms in 11 hour-’ and 57 ,Iin;ltll, for a
false alarm rate of about 11/3 false alarms par hour. With CIDEAL at
a signal to noise ratio of ~14dB, these thrésholds lowered the probability
of miss from .40 to .21, or about a~ factor of two. Similarly, these
thresholds lowered the probability of miss for CELTHRA at -14dB from .83
to .59. This improvement in probability of miss does not appear to be
worth the corresponding drastic increase in false alarm rate.
3.3 Information Demodulation Performance Ji

] ¥hen the SFILE is constructed for a simulated data tape, a

message is specified. Each version of the receiver includes a message

i2
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difficult to see from the plots, the relative improvement due to boot-
strapping diminishes with increasing signal to noise ratio. More
improvement due to bootstrapping is apparent with CELTHRA than with
CIDEAL, presumably because the 3dB improvement in probe energy is
more important with non-trivial channels.

. Whether the error improvement due to bootstrapping is worth
the doubling of calculational load 1s worth considering. With CIDEAL,
the error probably is reduced about 10 to 20%, with CELTHRA it is
re&uced by approximately 30Z. These differences appear to be small,
but in a 10 symbol burst a 10% reduction in error probability means
one more symbol is received correctly. Since the increase in computa-
tional load occurs only when a message is present, the additional
time required for bootstrapping appears to be worthwhile.

. Figure 3.4 depicts the post-bootstrapping symbol error
probabilities for both CIDEAL and CELTHRA so as to indicate the
performance reduction due to the non ideal channel. The curve for
CELTHRA is displaced from the CIDEAL curve by about 1dB. Considering
the time extent of CELTHRA this loss due to multipath appears small.

. The relationship between the probability of missing the
burst and the symbol error probability is interesting. If the assump-
tion is made :yat no misses occur at -11dB and above for CIDEAL and
- 9dB and above for CELTHRA, then a miss of a burst occurs only when

the probability of a symbol error is greater than .007 for CIDEAL

i7
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and .008 for CELTHRA. That is, if a burst is missed, its symbol error
probability would have been above about .0075. Thus bursts which are
missed by the system may have had too high an error probability to be
useful anyway. |

- The data block summaries give the number of symbol errors
for each symbcl position. This allows the homogenelity of the symbol
errors within the burst to be examined. When this is done, the first
and last symbols are seen to have almost twice the number of errors
of the central symbols in the burst. A study of the shift used in
the A and 3 offsets showed no improvement in the error distribution
as the offset was increased or decreased to zero. Consequently, the
increase in error rate is probably due to error in Doppler removal,
with ZSHIFT algorithm removing Doppler mere successfully for the ceatral
symbols than for those at the ends.

3.4 Other Receiver Outputs [

. In order to investigate the internal performance of the M7
receiver, the means and standard deviations of 50 variables are given
in each data summary. This section presents plots of the more interest-
ing variables and comments on the implications of the results. The
nomenclature used is that of Reference 1.

L¢, L1, L2 and L3 B
. These variables are the outputs of the SEARCH routine during

the primary, secondary, post ZSHIFT and bootstrap searches. Figure 3.5
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gives the means of these varisbles as a function of SNR for CIDEAL.
Figure 3.6 gives the same plot for CELTHRA. The increasec in SEARCH
output with S/N and improved time and frequency knowledge of the signal
is apparent. Note that the searches which yield L1, L2 and L3 are over
a smaller frequency uncertainty than the primary search. Further, L3
is obtained after bootstrapping and comnsequently has full knowledge
of both components of the transmitted signal. The theoretical limit
of L3 as S/N becomes large is NB/NH¢ = 256, and both figures indicate
this trend.

 The statistics on Ly and L1 also provide insight into the
synchronization process. The following variable, £i, is a measure of
the displacement of the mesn of Li from the threshold in standard

deviations of Li.

Ei = (3.2)

e(;t)
As £1 becomes large, the probability that Li will fall below the threshold
FTHRS; and cause a miss becomes small. Figure 3.7 depicts &, and &4 as func~
tions of §/N. Note that £, improves slouly with $/N, but §; increases

more rapidly. This supports the two stage approach of the synchroniza-

tion algorithm,

8¢, TS1, T52 and TS3 i
 These variables indicate the time offset found by the searches

that yield 18, L1, L2 and L3. The only important thing noted from these

21
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variables is that TS1, TSZ2 and TS3 are small and have small variances.
This indicates that the primary search is very successful in determining
the time origin of the signal,as given by TS#.

FSh, FS1, FS2 and FS3 il

l These variables give the frequency location of the signal as
found by the searches that yield L$, LI, L2 and L3, Figures 3.8, 3.9
and 3.10 give the means and standard durations for FS@#, FS1 and FS2.
The ordinate in these plots has units of spectral lines, so that an
ordinate value of ,1 corresponds to .lfTB = 1,25 mHz, The transmitted

signal was at an offset of 119 lines and hence the plots indicate the

“error relative to the actual Doppler

I The primary search which gives FS@ is performed on widths
of 1/2 line spacing (NT$ = 2) and hence the tandard deviation shom
in Figure 3.8 could be attributed to fluctuation of plus or minus one
search interval. These fluctuations must be nearly symmetric to
yieldé the mean values.

Il The secondary search which gives FS1 is on 1/5 line spacing
(NT1 = 5) and consequently has a finer resolution than the primary search.
Unfortunately, the mean value of FS1 in Figure 3.9 indicates a distinct
bias toward a lower frequency, 118.8 for CIDEAL and 118.6 for CELTHRA.
This bias is belleved to be caused by the fact tvhat the secondary
search is conducted relative to a vector centered in the time dilation
bin, with the signal located at tuhe extreme edge of that bin. This
apparent bias was the reason for inserting the post-ZSHIFT search. Note

that the particular channel has negligible effect on the standard deviation

of either FS@ or FSl.

24
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Bl Figure 3.10 gives the mean and standard deviation of FS2 as
a2 function of S/N. This variable is the frequency loccation found
by the post ZSHIFT search and is not biased as FS1 was. For low S/N
(<7dB) the error in FS2 is less than .05 lines or .063 mHz for both
chennels. As S/N increases the error for CELTHRA remains near zero
but that for CIDEAL increases to 12 lines or .23 mHz. The reason
for this increase is not known. The standard deviation of FS2 for
both channels is less than .1 lines or .125 miz.

F2, T2A, F2B, F3, F3A, F38

] These variables are the frequency locatioms found by the
2SHIFT routine. F2 is calculated between the secondary search and
the post-ZSHIFT searchad is nearly identical to FS1 described above.
F2A and F2B are the frequency locations found by the ZSHIFT routine
after the post-ZSHIFT search which yields F52. The suffixes A, B
represent the two time shifts applied to demodulate the first and last
halves of the burst. For compactness, the fellowing equation will be

used to compress any pair of A, B shift variables to a single variable:

XNA/B = _@L}.&!& 3.3)

That is, the A/B notaton indicates the average of the two shifts.

B Figure 3.11 gives the mean and standard deviation of F2A/B
versus S/N. Here both channels have the same error, approximately .03
lines, .038 mHz, which is amazingly independent of S/N. The standard
deviation of F2A/B is also the same for both channels and is less than

.05 lines, .063 mHz, for S/N > - 8dB.

26
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B 73 is the frequency location found by the ZSHIFT algorithm
after bootstrapping. F3A and F3B are the locations for the A and
B passes during bootstrapping and are identical to F3 for all practical
purposes. Figure 3.12 gives the mean and standard deviation of F3
on a function of S/N. The error and standard deviation of F3 is less
than F2A/B, giving a final error of .02 lines, .025 mHz with a standard
deviation of .06 lines, .075 mHz, essentially independent of either
the channel of S/N. A comparison of Figure 3.12 with Figure 3.11 shows
that bootstrapping improves the frequency estimation capabilities of
the receivar as well as error performance.
R2, R2A, R2B, R3, R3A and R3B g

Bl These values are the magnitudes of the normalized correlation
coefficient obtained as part of the ZSHIFT algorithm. Because of the
time offset at the A and B shifts, R2A, R2B and R3A, R3IB are less
interesting than R2 and R3. Figure 3.13 gives the mean and standard
deviarion of R2 versus S/N. R2 is smaller and has a larger standard
deviation with CELTHRA then with CIDEAL. Figure 3.14 gives the mean

and standard deviation of R3 versus S/N. Again R3 is smaller and has a

. larger standard deviation through CELTHRA than CIDEAL, but both values are

better than for R2 as shown in Figure 3.13. This is due to the increase

in signal energy after bootstrapping.

A2, A2A, A2B, A3, A3A and A3B -

Bl These variables represent the angle in cycles of the complex
correlation coefficient obtained as part of the ZSHIFT algorithm. Omly
A2 and A3 are of interest due to the A and B time offsets. Figure 3.15

gives the mean and standard deviation of A2 as a function of S/N. For
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CELTHRA the mean offset angle actually increases with S/N., This is
associated with the bias observed in FS1. Once the bootstrapping
process is performed, the angle A3 becomes very small, as indicated
in Figure 3.16. Here the angle is less than .012 cycles (4.32°)
with a standard deviation of less than .04 cycles (14.4°). This is
for both channels and all S/Ns measured.

TP2A, TP2B, TP3A, TP3E

I These -euurmnﬁ give the time displacement of ﬁlu NH1
iong window of the probe measurement relative to the start of the
NB long vector. Of interest here is that the "A" values are positive
due to the pre-shift and the "B" values are negative due to the post~
shift. The difference TPNA-TPNB is of the order of 2NH, as expected.
NZ2A, NZ2B, N23A, Nz38 i

- These measurements give the number of non-zero points in the
probe measurement after thresholding by R2CUTI or R2CUT2. Figure 3.17
depicts the mean values of NZ2A/B and NZ3A/B as function of S/N. The
standard deviations of these variables are of little interest. For
S$/N>-7dB both averages have constant values, indicating the number
of non zero points is controled by the threshold and the channel.
Smaller values of S/N introduce more noise and consequently more non-
zero points in the impulse response. The number of such points is
reduced after bootstrapping as indicated by comparison of the NZ2A/B
plot with the NZ3A/B plot. Note that although the probe window allows
.for 256 points (NH1 = 256), only a very small number, ~5 are actually

non-zero
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SNR2A, SNR2B, SNR3A, SNR3B, S3, NDBV i

BB An important problem in the evaluation of communication systems
is the determination of the signal to noise ratio under which the system
is operating. The synthetic data on vhich the present study is based

has a precisely controlled signal to noise ratio due to its construc—

tion. In a sea experiment, however, measurement of signal to noise
ratio requires care. The simulation data does allow evaluation of
signal to noise ratio estimation techniques which could then be used inm
a sea test.

B SNR2A/B and SNR3A/B are measures of the signal to noise ratio
based on the energy in the measured probe response relative to that in
"a displaced interval of equal length. The scale factor in determining
these gquantities has been set up 80 that SNR2X is 3dB less than SNROX

and SNRIX is intended to approximate the actual received signal to

noise ratic. Figure 3.18 depicts SNR2A/B and SNR3A/B as a function of .

§/N. The standard deviations of these quantities are small (-.5dB).
Also shown is the equality line which represents the behavior of an
jdeal S/N measurement. SNR3A/B approaches the equality line for low
$/N but is not useful for S/N greater than 0 db. SNR3A/B is remarkably

independent of the particular channel, however.

I Alternatively, the signal to noise ratio could be calculated
by measuring the signal energy in an equal signal-free interval. The 4
signal energy during & burst is measured as S3 after bootstrapping.

The signal-free energy is measured as NDBV, where both qulntitiis are
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in decibels and use the same reference point, Figure 3.18 gives .
S3-NDBV for both cthannels., Here the approximation is best for
SA>0dB and again the particular channel in use has little effect. :

. Combining the two measurement approaches yields a

technique applicable over a wide range of $/Ns. Define

N estimated, " w + (83 - NDBV) (3.4)

dB

5y

as the sum of the two signal to noise ratio estimates. The error, ¢,

in dB between the applied S/N and (slu)‘"ér“d is shown in Figure 3.19,
Note the ordinate scale is expanded relative to Figure 3.18. ¥or

S/N between +10 and -14 dB, S/N estipated is within .75 dB of actual and
is nearly independent of the channel. Figure 3.20 gives the standard
deviationof SNRZA/B and SNR3A/B.

INF2A, INF2B, INF3A, INF3B B

. These measurements indicate the signal to noise ratio in decibels

at the symbol filter outputs, measured as an energy ratio of the filter
having the largest output to the average energy of the other fu’écu.
Amazingly 1little difference between INF2A, INF2B and INF3A, INF3B was
noted, even though INF3X has the advantage of bootstrapping. Define

INF = 1/4 (INF2A + INF2B + INF3A + INF3B) (3.5)
as the average of all four variables. Figure 3.21 depicts INF for the

two channels. Note that INF is proportional to S/N only for low S/N. X
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deviation of the

Primary and secondary search algorithms under noise alone. ‘For both

channg;s, the statistics are nea 1y constant as long as the rTeceiver

makes no misses. If the meeivar mkaa nism, gome

enters into the statistic and the means of

Table 3.3 gives the statistics and compares the

Independently with the RTHRS Program.

T———




[

the frequency synthesizer available to the project. When considered
in conjunction with the time synchronization cabability of the system,
the performance of the system in resolving the time and frequency
uncertainty of the signal is excellent.

4. GConclusions and Future Studies J

an ideal channel, CIDEAL, and a measured 350 min channel, CELTHRA.

Examination of results at different S/Ns indicate that the system

r than .0001 for S/Ns grester
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1. Introduction

i In order to implement the M7 commumications system, the
computer selected for the tagk must meet requlrements of speed of
execution, memory size and software development cspabiiity. With the
exception of the latter of f:i;@s:e requirements, the specific requirements
depend strongly on the paévéﬁgeters of the version being implemented. This
paper discusses, with exampieg, these three kma;‘g;nr mqui@;eﬁents.

i To understand the material presented, f&mﬂiarity with the N7
system and its associated nomenclature will be required. An adequate

summary for this purpose is contained in Reference 1, which should be

available to the reader. OF the many parameters defined in Reference

, ;, 1, those shown in Table 1 below will be relevant here?

] Table 1: Relevant M7 ters

- (Teble NN

Parameter Zzéii

No. of symbols in alphabet
No. of complex samples/burst

No. of time dilation binms

No. of campiexsamp &5 betwsen receiver input vectors

e s e o e e e

tches (N, = Np'N)

s S




i I some applications, the single Ny - long burst described
in Reference 1 will not be sufficient to transmit the necessary in-
formation. That is, the desired message length is greater than N, N,
bits. To accomodate such applications, the M7 system can be logically
extended by constructing the tramsmission from N, consecutive Ny-long
blocks, where each N,-long Bl‘mfc has the same structure as the original
block, but is based on a different rmdm bit stream. This allows
LG
any structure into the transai

N, N, N, bits to be transmitted in a single burst without introducing

L g

sion, At the receiver, pri

synchronization is performed on the first block only, lster blocks

being synchronized by the equivalent of the secondary synchronization

" search. The current implencntation, for research purposes, is liwmited

to the single block mode (N, = 1.
i The discussion of computer requirements versus system
parameters can become an abstract exercise very quickly. To provide

a tangible basis for this discussion, two current versions of the M7

system will be considered relative to two existing hardware configurations.

The implementation approach cc

plementation ~ other approaches may
here appears straig

B e two versi
are sketched in Table 2. The M7BX3 veisfon is
the tactical submarin

noderate bit rate an derste range capability. The M7BX4 version




‘ (Table classified EEE——

. Characteristic

Application

Center frequency, Hz
Bandwidth, Hz

Burst duration, sSec
Block WT product
Modulation

Syrmbel Duration, sec

Synbol WI product
. Bit rate, bits/sec

. Bits per burst
Doppler uncertainty, Kt
Nominal Range, nm
0001, estimated from simulation
data

Tactical
204.8
51.2
80.0
4096

64~ary blorthogonal

’ :8.‘9'

409
0
#21.5
~8.0

Strategic

150
50.0
819.2{13.7 min)

‘B4=ary blorthogonal

40.95
2048
.146
120
$.25
-10.0

RS
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i is intended to Wﬂ‘v e a sg;mag’g:ia, 1ow bit rate, long range

communication system. Here, the desired message length regulres
N, = 10 Consequently, M7B%4 as described in Table 1 is not im—
plementable in full on the existing system.

- The two versions of the hardware considered in the ex-
amples are based on existing Acoustic Communication Studies equipment.
Consequently, a great deal of soldd mﬁemanion concerning execution
times, program size, etc. {s available for both. Table 3 gives. the
salient information for a system based on the Texas Instruments 380A
computer and for the same system when a8 Floating Point Systems AP=1208

array processor is added. hie 980A alone system represents roughly the

typical minicomputer based organization, the 980A with AP system re-

presents the typical minicomputer plus array processor ofganization.

2.0 Hardware Requirements

- The M7 system employs large rime=bandwidth product signals
and operates with substantial time/Erequency of arrival uncertainty.
These features place stringent z?‘aqmimem:i!:a on the computation speed’
and memory size of the hardware. The sections below describes each
of these requirements.

2.1 Spee:

Requirements

Pl o v synchronize with the inco

to detect its presence and estimate its ine and frequency of arrival,

a large number of calculations must be performed in real time. Once

synchronization has been obtaine

required to determine the transnitted message. Each operation imposes




T

R r——

B O e et
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Table4a: Hardware Configurdtivns of ACS

Computers S (This teble
{Software Development Equipment Excluded from this Table)

Characteristic

Hardware Arithmetic Speed: {1
Double Precision Integer Add
Single X Single Integer Multiply
Floating Point Add
Floating Point Multiply
Floating Point Add

Floating Point Multiply

Software Speed

Arithmetic

Complex Array Multiply/Point

Complex FFT

‘CPU Memory (16 bit)

Moving Head Disk (16 bit)

Progran Source (64 bit)

9804 Alone

ble |

4.0
7.23
150

240

16 bit block,
floating point

303
1240

-

Systen
T 980A/AP-1208

61{}
7.25
150

. 240

A 166
~ 166

38 bit floating
point

001

6.93
16.68
33.16
77.31

65536

3072
1024

|




5

its own requirements on the computer speed.

2.1.1 8 'chmné;mtien? eeé Re uirements [
B Ooly the primary search in the syndmmizza*ﬁim process is
significant in terms of calculation speed. As iIndicated in ‘Reference
1, each primary search consists of Rx",m oppler bin searches over
an NB long input vector. For real-time operation these ssgg;éhe“s must
be completed in ﬁé:ixg«*rg seconds where I*{Eﬁ is f:ité. um&e‘raf wmplex
samples between comsecutive input vectors and Ty s the time duration

of a block of Ny complex samples,

T, =N _Q | (1)

Each Doppler bin search 1xfes;us£xes the fﬁ&ﬂ&;Wiﬁ&«ﬁin,ﬁc,algcuiat;;tnns:*
1. Array multiply between X (f) and A(f)
2. Inverse Fast Fourier Transform (FFT) to yield y(j, k)
3. ©alculation of z(}, k) (Ref 1, Eqn 29}
4. Calculation of Lo (Ref 1, Egn 30)

with existing software steps 3 and 4 occupy & time

¢ equivalent

array multiply. Thus the caleulations per Doppler bin

to one FFT and two array multiples.

B To provide 2 s

synchronization, the maximum all

will be computed based on the assumption that the

S




(2 << log, N,) and calculation times for a given size FFT can often

be found from manufact ouever that T,

strict upper bound, a computér which performs an Ny=long FFT in

. ”* R e R B B ek f: % ; P
exactly Toyney c2n not operate in real time. éﬁ

@
s (DFLINE = 1”?3) required for

ice 1.

ul when N, 15 vritten as a
woffset, DF,

function of the Doppler uncertainty, |V|. The frequency

£

¢

From equation 28 of Reference 1,

¥
% p
> $
3 5

i
H
?

i
v
«
g




If the search strategy implemented in M7BX3 is applied, the above
equation can be simplified further. In M7BX3, 2 50% overlap in the time
domain (“E/N, = %) and a ) line spacing frequency search interval
% = 2) are incorporated m the primany search. Further, take
C = 5000 ft/sec. Then Equation 7 becomes |

% 3?&.9&1 I

Tsynen ™ T | ®

SYNCH fR

where |V] is expressed in Kuots (Kt). Note that N, does mot

explicity In Equation 11, but that by definition’

, is the time

to perform an ’?ﬁg-"’lang FFT.

i ™o values for To, . for the M7BX3 and H7BEA systems of

seconds) and 9.87 seconds ¥

Table 1 are 84 ms {mill:

pectively. Since

84 ms is greater than the published 4096 tt ;i time £ot the 980A/AP
system of Table 3, M7BX3 is implementable on that hardware, M7BX3 is

not implementable on the 980A alone hardware. In the case of the M7BX4

implementable on the 980A alone hardware.

. Since the Doppler range for the

(33 m8) a crude, but useful es
transform time for the M7BX4 s3 ;
transforn time no lomger than 3 rids

attempts to include the -

o e SR

S R S i
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actual system. Since 3.95 seconds is less than the published
transform time (5.85 sec) for the 980A above hardware, aa im-
plesentation of M7BXS on that hardware may not be possible, con-

trary to the T SYQ@ calculations of the proceeding paragraph.

2.1.2 mﬁamﬁmﬁ Deco Epeed Res
- ﬁecwse the infermtian deceding operatim: of the M7
system takes place only after a éetecx::ion by !:he syachmaizatim

operation, its tine eanst%‘aints are pore flexibla. If & m&&gceé

messages are known to be sep“ra ed hy some minimum time interval

formation ,égcgging. i»‘,ﬁ;‘:iixs; yields an interval, T

S G




Component :
Secondary Search 2.DFNTL

Doppler removal/probe extraction 105

Symbol filtering

will be ne’g&ee@a&’ The sbavez figures do include t;ransfaxms for tiae

bootstmpping ayeratim, hwever.

A" ("’
terms dapandani: on the size of tiw ‘

115 + z. with the relative zm ance “of the §

number of gymbnis par blmk,, XQ, ‘

I For real-tine operation with no blasking, the 115 + 2-§,

N -long transforms must be performed in 'rn seconds. Let T.

b

transform time for an RB-}msg trmsfm,

must hold:

R

of blanking of the receiver input ¥

actual time required for an N, -lon

of the post-detection blanki
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BE Tor the M7BX3 and M7BX4 systems of Table 1, Thego 18 573
ms and 221 ms respectively. | The transform times of Table 3 then in-
dicate that M7BX3 can not imp}.ement; rgaﬁt&i&e on the 980A alone con-
figuration, but can be imgiemnted on the 980A/AP configuration. The
M7BX4 system cannot be impimenteé in re,alwzme on the 980A alone
configuration either, while it can be implemenited with ease on the
98{%151’ mfigﬂration. The requirea mi:nimmn blank\mg istervals

BM on the 98&& abmre caafigumtien are of t:he order of " hours.
Consequently, inclusion of a ‘blanking interval is of value only if
*

is near Tyyps. In fact en M7BX3 15 run on the existing 980A/

Teer
AP configuration, a blanking imtérval of 80 seconds is réqu

to overhead calculations.

2.2 Hemory Requirements

B The second major hardware requirement for the M7 system is
for memory space. Five major functional requirements for storage can
be designated: |

1. KFILE storage

2. Input Buffer

3

4.

R

%
0
E
%
b
i
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'2.2.1 XFILE Stor. e

by providing the s

-

11

il The structure of the M7 system is based on a seqmee of
random bits, known as the KFILE. This sequence must be available to
the receiver in order to synchronize and decode the transmission. The

13

nusber of bits in the KFILE, EK?B’ is given by
Nep = N Ny a1+ zgﬁfz} (n

For the M7BX3 and M7BX4 systenms, % 4s 135, 168 and i,351,686 bits
respectively. In terms of 16 bit computer words, a more useful measure,

these values are 8,448 and 84,480 words respectively.

I 1o the current
generated by a laboratory .audisewganmoinmdﬁwma of &wwi*aghﬁead
disk file. This file, which contains other vectors neesded by the
receiver, is called the VFILE. In an operational system the Ki LE

(and conmsequently the VFILE) mldprﬂ&abiy ‘be changed in a periodic

basis. Consequently a means for entering as well as storing the KFILE
would be necessary.
i O0nc approach to these problems is to interface the system

to an approved cm;x:ﬂqg&é sequence generator and have it produce

the needed bits on command. If an approved sequence generatoy cannot
be used, alternative algorithms in conjunction with devices such as

the National Bureau of Standards Data Encryption Stande

be satisfactory, = Thus the KF rage requirement can be satisfied
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BB Because the receiver operates asynchonously with the
input data, the input must be buffered to ensure the necessary
data is available to the receiver. The extent of this buffer de-
pends on the speed of the receiver in performing both the syn~
chronization and information decoding tasks. In general, a
shorter input buffer becomes acceptable as the receiver speed
increases. Determination of the minimum size of the imput buffer
is an involved problemwhich has pot been pursued. The current
implementation has an input buffer of 3153 complex pairs (6 Ny real
words) maintained on awﬁmg head disk file. This buffer size
has been sufficient for existing xietsims of the system having

NZ =1, If Kz is greater than 1, a longer buffer may be . -csseary.

.

2.2.3 Synchronization Filer
Bl The M7 receiver synchronization process requires a search
over %%B time dilation bins where each time dilation bin is centered

smitted probe component. With

on a time-distorted replica of the tra
the exception of the central bin, the construction of the time-dis-
torted r:eplicas reqnixes ‘a m:}:stmtial amount of calculations., Con-

sequently, in the ewmx: im?lmatati@n a1l of these time~distorted

replicas are pre-computed and stored as synchronization files, a

component of the VFILE on the moving=head disk unit. With this

approach §I vectors of HB comp ‘:’“;,m: 24 ﬁ»*ﬁ' real mm are
required. For M78X3, 122,880 reai words are required for the

synchronization files.

3
[
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- If N = 1, that is, if Ny is less than about 16, then only

the central time dilation bin is searched. In this case, which applies

to the MIBX4 versions, no need for a pre-computed Treplica exists and the

synchronization f£ile can be eliminated.

2.2.4 Yorking Areas n
- The vector operations performed by the M7 recelver require

substantial working areas in memory. For example, in the synchronization

process, the transform of the input data, X(£), is fmgﬁtipiiﬁ(‘i' by the time-

g dilated replica's transform, Aj (£), then inverse transformed to thée time

domain to yield y(i, J). Because X{£) and Aj (f) are needed for each of

3 N, pure frequency offsets within a ‘time dilation bin, at least 3 ~ex§,~sian;g

complex vectors must be resident in the work area. In fact, an additional

NB-long complex vector-is used in the current implemeéntation to wliow an
18% speed-up in the inverse FFT.

Similarly, the Doppler Temoval algorithm
requires at least & &'B-'lmxg complex vectors. The equivalent of anather

NB-long complex vector is needed for sedlars and wiscellaneous tables,

bringing the total requirement to 10 Ny words in the working areas. For

either M7BX3 or M7BX4, this means 40,960 words should be avatlabie,
- In the current implementation on the 980A/AP hardware, the

working areas are located in :&é array processor main data memory. An

additional 3072 words

of random access table memory serve s storage

for trignometric constants, etc. Because the words of either of these

memories are composed at 38 bits each, the sizée of the work and constant

storage areas in the array processor (1.67 x 10° bies) is greater than

that of the 980A itself (1.05 x 10° bite).

s

This neither M7BX3 nor M7BX4 .
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; i could be implemented with floating point arithmetic on the ‘9804 alone
hardware. Implementation with 16 bit integer arithmetic on the 380A
alone hardware would be very difffcult as only 21,504 words would be
available for the program itself. Coaseguently, these versions are

implementable only on machines with an effective address space signlfi-~

cantly largeér than 32,768, or with an array processor having approximately
44,000 words of data memory.
I 1o the present implementation of the system two additional

Hg-iong working areas have been incorporated into the 980A memory.

These areas are necessary to speed the transfers of wectors on the

* moving head disk file to the array processor and to facilitate the
bootstrapping operation. If the KFILE synchronization files were

directly accegsable by the array processor, one of these vectors could

be eliminated. The other vector is used in the re-construction of the

AR

transmitted signal during bootstrapping and could be eliminated if the

re-construction algorithm was readi]

intha&rray PLOCesS0Y.
Consequently, limitations on either hatrduare or software may increase

the working space requirements beyond those indicated sbove.




. The software program which implements the M7 system also re-
quires space in the computer memory, Perhaps more than any other require~
ment, a estimate of the extent of computer memory needed is dependent

on the particular machine selected and the details of the progras orgami-

zation. Nevertheless, the discussion below will be helpful in estimating
the memory requirements for program storage, as long as a resolution
beyond about 16K 16 bit words is not sﬁught.’

‘ Tk present implementation of the M7 system consists of &

disk initialization program (VSET) which precaleulates the necessary

VFILE vector and a real time program (RECVR) which does the actu L Tecep~
tion. Because the disk initialization program is performed only dnce
prior to system operation, it will not be considered further,
can be partitioned are:

1. Monitor System Software

2. General Purpose Siubroutines

3. Input Buffer Manager

4. Receiver Tasks and Subroutines

5. Large Arrays

6. Miscellanecus Arrays
The first group inmcludes non-specific operstor interaction, hardware
device servicing and task control ffunaﬁdnsjt The second group contains

subroutines of a gemeral nature, mostly arithmetic. Software in groups

¥

one and two is mot specific to the communication problem and, 1d
would be provided as a standard product by the hardwate manufacturer.

The input buffer manager allows the real-time input data to be processed

R R




in a convenient manner. Although specific to real~time applications,

it is not ’pennli:a,r to t?m qqmm&ca‘tiﬁn probiem. Group four contains

ail tasks and subroutines which are specific to the communication pro-
blem - no part of group four is likely to be available from other sources.
Groups five and six cover working areas in the mainframe. The space

requirements of group five could pote

ally be eliminated under certain
hardware conditions as discussed at the conclusion of the preceeding
section. The space requirements of group six represent the size of
miscellaneous array storage requiréd to run M7, beyond the working areas

already discussed.

- Table 4 below glves the current size in 16 bit words of each

of the six software groups,

i




Group  Contents Storage (16 bit words)

1 Monitor system software 7,247 *
2 General purpose routines 9,453

3 Input buffer manager 9,377

4 Receiver tasks and subroutines 11,171
5 Large arrays 16,384
6 Miscellaneous &rrays 3,6&6

Total . 56,718

Group 5 - 16,384

Total (less Group 5) 40,334
Several cautions must be considered in conjunction with Table 4. First,
the monitor system available is extremely memory and time efficient. A

general purpose system such as provided by a manufacturer to all users

IR

would probably be larger. Second, the imput buffer routines are for a
single channel only and do pot perform any filtering function. Thivd,

although some space is devoted to statistical functions assoclated with

certainly require further storage for purposes such as interference

rejection, error detecting-correcting algorithms, message handling etc.

; 65K words for




%

Reguirement

KFILE storage*

Input b:sffer*
Synchronization files
Working areas

E‘mgraﬁ Storage

Totals

N :
This storage is implemented in bulk storage moving head disk in

the current system.

Systen i} (Table classified I

M7BX3
Configuration

A B

MIBX4
Configuration

A B

849480 -
24,576 24,576

44,000 44,000

209,744 108,910

R

T
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usage comparable to the present system and can be considered pessimistic
(i.e. larger than absolutely necessary). Configuration B is based on
the assumption of an on-line KFILE generator and humogeneous memory in
the hardware and consequently has a much smaller memory requweﬁant.
Both the M7BX3 and M7BX4 versiomsof the system are shown.

B The most significant result from Table 5, is that the M7
system requives far more memory than is directly addressable with current
16-bit minicomputers. Consequently any hardware on which the M7 syet:e‘m
is to be implemented must have e&ﬁﬁ’éx a larger address space or a comn~
venient memory paging feature. ﬁiiltemaﬁveiy, a trade-off between
execution speed and addressability could be made by incorporsting a
bulk storage device. Probably the best solution is simply to have a
large homogeneous address s@éce. 1If t:hia is not available, a partition-
ing into twc memory units, one of which has a larger address space would
be suggested. Only as a last resort would the paging capability associ~
ated with a bulk storage device be appropriate, due to the resulting

software complexity and loss of ‘execution speed.

BB Inplementation of the 1{ :

hardware and software. While hardware presents sign

the maximum possible capability of the

software determines how close to these bounds -
operate. Perhaps the most imp

statement is in
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Detection of such errors in gystems with stochastic inputs can be
extremely difficult unless the software is generated and evaluated

with extreme care.

e following sections discuss the requirements for
generation and evaluation for the M7 system. Before
golng into these regquirements a brief comment on the size and com-
plexity of the present software implementation will be presented as

®

a point of referéfice.




3.1

B The size of a software task is important in determining the
approach to accomplishing it. For example, the software for a micro-
wave oven controller can be efficiently generated with less sophisti-
cated tools than those for a ballistic missile defense system. In the
first case, programming in machine code and testing by near=exhaustion
may be a;},#m;n:iaﬁe* In the latter, high level £anguagasand intricate
software verification ?!‘Qg!&ﬁ& are mecessary. The sofrware for the
existing M7 communication system clearly falls in between these extremes,
and some measure of the size and complexity of the software is necessary
to select appropriate software development techaiques.

B In section 2.2.5, the zﬁtogruam size of the M7 system (less
large arrays, Group 5) was given as 40,334 16 bit words. This is one
very crude measure of the extent of the software task. Alternatively,
consider the breakdown of that same program in terms of number entry
points and lines of source code as indicated in Table 6 below. Each

entry pﬁiné signifies a piece of the overall software ‘mass, so that in

a rough sense, about 210 identifiable software modules must be inter-

connected. Each line of source code represents one lime of program

printout which must be carefully designed, test and maintained.




1

2

k%

kR

(26 Oct 784) i (Table NN
Group Type Entry Poidnts  Language

System 61 980 A.L.
G.P. Routines
9804 73 980 A.L.
FAP-G.P. 21 FAP A.L.
FAP Special 9 FAP AL,
| Buffer Task & Routines 18 F
Comm. Tasks 4 F
Comn. Routines 15 F
4 980 A.L.

Support Programs 5 ¥

4A.L.
F

Total 210 Total

Source Code
Length (Lines)

{6602)*

382%%
1581
1143
1860
626%%
2458
1008 12.5%
7042 87.5%
8050

Normally provided by manufacturer, not counted in total below.

64 bit microcode word/line approximately 4 times more difficult

than 980A A.L.

446 1lines of A.L. format c:zmvexé‘ian routines, remainder writable

in Fortran.
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BB Although various techmical definitions of program complexity
have been proposed, the concept of complexity considered here is more
qualitative - given an anomaly or software "Glitch" the complexity of the
program is a measure of the time required to find the cause of the pro-
blem. The present system has been developed via the traditional method
of independent subrautiné development and testing followed by staged
integration of the routine into the system. This approach Is an excel-
lent one, but its fundamental weakness is that the subroutine can not
be adequately tested independently, as the variety of inputs is too
great. Consequently, the union of a number of verified subroutines can
be a program that works on only a small subset of inputs. More important-
1y, with stochastic inputs the particular input ‘causing an-anomaly may
be infrequent and hard to detect. Thus, the complexity of the svstem,
as implemented, is at least moderate; an operational system would be
more complex.

3.2 Software Developn

B The reliability of the software for ar implementation will

depend on the quality of the tools of its development as well as the

1 be dis-

programmer's skill. Only three major and essent
cussed here: operating system, high level gmgnam»in

gram development software.

3.2.1 & ;sxfeix S&ﬁ

ware:

Bl Because the manufacturer of the existing 980A system did

occupies 7,247 16 vit compu

e

e

SRR
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code. Although the present system works vexy well, dtsdevelopment,
testing and maintenance has been time consuming. For example, in the
summer of 1978, a re-entrancy problem was found in the interrupt
servicing muzinés which caused the system to crash mysteriously at
a rate of about 2 crashes per month. Such problems are hard to detect -
at that rate a hardware failure or power glitch would be suspected.
- To avoid such difficulty, the computer selected for implo-
mentation of the M7 system should have a flexible and reliable Qpémtiag
system provided with it. It should be fiexible in the sense that no

modification of the fundamental system should be necessary to accommo-

date the implementation of the communication system. Driver fmodu:
for special haréwar;e modules, of course, will be necessary, but they
should be short and follow, the canonical structure used by rhe opera~
ting system. The operating system should be 2 1ready well-evaluated

for reliability, where the only acceptable indication of this reliability

is successful application to real-

3.2.2 High

i ithough the M7 system software could theoretically be
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without the FORTRAN 1ibrary) and convenience (i.e. radix 40 packing ‘and .
unpacking). If necessary all but 5% of the software (the array pro-
cessor mierocode) could be written in FORTRAN,

. FORTRAN is only one of a variety of high level languages

suitable for implementing the M7 system and other languages can offer
even further advantages. The only eritical requirements for such a ’
language is that it should be :fiex‘:!:b:'t.y interfaced to the operating
system and have only moderate overhead. Specifically, all peripheral
devices should be handled within the normal syntax of the 1&@3&"&3&, f.e.

READ/WRITE statements in FORTRAN, Some languages are so powerful in

notation they may not meet the latter requiremen.. For example, 2 .
program written in BASIC might treat the statement

A=3B+C
has a matrix equation, even for scalar variables. The resulting over-
head in execution time would probably be unacceptable, Both these re- &

quirements will normally be satisfied by software available from the

computer manufacturer.

3.2.3 Bro ram Develo ent System:

| 7o test, modify and mAfntain the 200 plus modules requires

convenient program development system including editors, linkers and
subroutiné libraries. ©One mea
development system is the t

document the ‘ch




documented change. Strangely, the majority of this time (20 min) is
spent in linking the object modules together.

Bl A key prohlem with the existing program development system is
the lack of automatic source and object dating. In a system with a.
large number of modules, care must be taken that all of the modules
included in an executable program be of the most recent revision level.
Enormous difficulties arise when subroutines of a lower revision level
are inadvertently mixed into an otherwise correct program. In the pre--
sent program development system, revision-level dating is performed by
the programmer and great care is required to ensure the program uses
only current modules. Program development systems on other manufacturer's
system should include automatic source and object dating, eliminating
this problem. |
3.3 Software Evaluation: Jiii

B An essential component of software development for the M7
system is caveful evaiiiuatién of the system against both known and
stochasticksignals. This is because of the inherent non-linearity of
the processing (superposition does not apply), the wide variety of
allowable inputs during oz:eraieioﬁ at sea, and the need for veldability
against infrequent, but rerwnaoﬁ& events. Only by extenmsive testing
and étas:istiaa& examination of selected "internal® parameters can the
full capabnities of the system be rea&ized.

‘ In or:der to parfem t‘ixe reqnireﬁ evaluation the software
must be &evelope& on a system with more peripherals than required by

the osge‘x&ti@ml hatdware. gyeﬁiﬁ«:@ s t:‘he softmre deve}amnt hard-

“iae sam:ce. ane or more tape érives, mﬁ high«

speeé priatez: or display éevic:e. The neeé for each of these 1tems is
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discussed below.

il Once traditional evaluation of the M7 subroutines and
main program againg fixed inputs is completed, evaluation over care-
fully controlled stochastic inputs must be performed. The most natur-
al approach to this evaluation is to coustruct digital synthetic data
tapes for the receiver and statistically observe its performance. In
the development of the present system, these synthétic datz tapes con-
tain signal and noise at precisely controlled signal to noise ratios.
The signals included can be at arbitrary Doppler shifts and are passed
through pre~specified linear time invariant channels. Further, the
time of arrival is randomized to assure adequate synchronmization test-
ing. To accemplish this type of evaluation requires a digital tape
peripheral and noise source.

Jl Measurement of error performance alone with synthetic data
is not sufficient to verify the receiver operation or locate the source
of observed problems. Instead, a number of "internal” parameters
or their statistics should be available for examination. An “internal®
parameter is one which would not sormally be available to the operatoer
of a military system, but which checkpoints the performance . the '
program’s components, For example, in the preésent impleéementation of
the M7 system, about 50 internal parameters are analysed statistically
about every 20 bursts. To provide a means of printing these and similar
results, a high-speed printer or p}ottar is necessary.

i The above techniques and equipment yielded significautr im~

provements in the present M7 system. In the time interval since the

system was ''completed” in June 1978 to the present, February 1979,
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several subtle software errors have been discovered and system improve-
ments made. These changes have improved the error performance of a
system which sesmed to be operating correctly by a factor of at least
two. Although much of the experience gained in the interval need not
be vepeated, a similar test program and associated eguipment is nec-

essary for any future implementation.
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. 1, Introduction BER
. The Mobile Acoustic Communications Study (MACS) described in

References 1, 2, 3 and 4 represents the largest and most geographically

diverse collection of experimental results available for the design of
undervater scoustic communication systems. Because interpretation of
these results will effect the &esign of Navy systems for many years, a
critical discussion of the results is appropriate. This paper addresses
the coherence time measurements of the MACS ﬁa:‘é(* Subsequent %eﬁﬁfﬁn’s
show that the MACS coherence times are attributable to either inter=~ .
platform motion or to time of arrival compensation error; so that the
measured values are not those for the actual acoustic medium. The per-

formance of large time-bandwidth (IW) syStews under comparable inter-

platform motions is then analyzed, with the important result ti. : large
TW systems can operate successfully with burst duration longer then the
MACS coherence time.

. 1f the MACS coherence times are a result of Inter=platfork motion

rather than the acoustic channel, a simple relation between gystem center

frequency and permissible burst duration fs available., Indeed the

apparent coherence time at 200 Hz will be 2.5 times larger than that

meagured by MACS at 500 Hz. This means that large TW systems are applicable
even vhen motional effects are present, provided that the -center frequency

is chosen low enough. Because wa*i&;;gg; TW system offers significant

3
i
&
éé

* - " - " ) )
Since the frequency smear is the transform of the time correlation
function, the comments given are applicable to that result as well,




{~ 104B) performance advantages over the conventional incoherent tonal
system, this result deserves consideratiom.
B  Section 2 reviews the MACS coherence time measurement as presented

in Reference 1. The effects of sinusoidal phase modulation cn the

coherence time is studied in Section 3. Two sources of potential phase

¥

modulation: inter-vessel motion and time of arvival estimation error are
shown to yield coherence timeg in the same range as those cbtained by
MACS. Section 4 analyses the performance of large IW channel measurement

systems assuming equivalent phase modulation. Finally, Section 5 pro-

vides recommendations for the users of MACS data and suggests a more

suitable transmission waveform for future experiments.

2. MAGS Coberence Time Measurement [

B A summary of the MACS ccherence technique described in Reference 1
and in Section 2.1 of References 3 and 4 will be given for convenience. 5
I The basic tzﬁ&ﬂ%i&a’ibﬁ for the MACS datawas a Gaussian pulse of ‘f
duration 8:839 ms between 3dB points having a bandwidth of 99.848 Hz

between 3dB po:lnts.* Such a pulse has the minimum theoretical TW pro- ;
duct of 1.253. Pulses were tvansmitted at a variety of frequencies from 'f
500 to 3500 Hz, however, this paper considers only the 500 Hz data.

These pui#’as were sent periodically at a rate of about one per second,

with a typical interval containing 1000 - 4000 pulses over 15-60 minutes.

* C ‘
Equivalently: 12.5 ms between 6dB points in time, 141.207 Hz
between 6dB points in frequency.




- Received pulses were coherently éejmadulam'& 4o & complex basebiand
vaveform and sampled, yielding complex pairs sith 4.096 ms between pairs.
Note that the sample Interval, 4.096 s, is equivalent to a ?\%‘q‘ phase
rotation at 500 Bz, Thé received pulses are windowed to given Sn{'r}, the
uncorrected channel response to the n~th pulse. ‘
. The collection of pulse respomses S, (1), in a given data dnterval
is processed to remove "deterministic" changes in arrival time.
| The term "Deterministic" is used here to designate these
arrival time changes caused by wmon paralieliem  of the.
" actual ships tracks: the time scale of these changes is
large compared to the time scales of stochastic
.flnctuations of the medium, and the sépératioa is
effected on the basis of that criterion. (Reference 1,
page 9). -
Correction is accomplished by calmlatmg x:he cmas-acorteiazian fmction
C X {8) of the envelope squared af the n<th and k=th pulaes.\ 'I.‘he point
of maximum correlation between the fimt and nth puise, r n? is the iaput

to the correction process. Here 'r :is aeaesgnrﬂy qw:&zed at tha

sampling Intérval 4.096 nms h&eause C, K (5) is an incohete:nt mm:ment.

Thus the input to the time of arrmam correction algorithn ;ts, uantized

in 720° phase steps.

e
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B e neasured values of %, are fitted with a 4th degree polynomial
over an interval of 300 semﬁ&s. ‘A weighting technique is applfed st

cusps in arrival time occuring between two pol:

RS SR

ally=~f: als.,
The points on the resulting smooth curve are designated t. , Where t_ s

uot quantized. The n~th received pulse S {r} is shifted itz time an - phase

by t, to yleld S ('r}. ‘the c:e::reﬁted received pulse response. m sub-

sequent apalysis is ;permm&msq(’r}

. A set of complex points B}i(a} repres&nting ‘the complex value of the

channel transfer K (£f) of th ancy 18 ‘computed:

H (£) = f S (1) &= 2T 4o (2.1)

ii (o} fs (‘r) dr o ‘ - £2.2)
where the integraticm ta‘kea plac& ovér !she previoasiy selecta&'windm.

Ruﬁ(i} . an& is no

fmetion, pw ;(:E).

is in the upper right

camer cf -
?@9 cente:

R R
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The magnitude of the normalized correlation function ig shown in the
Lk
middle plot of the right hand column in the MACS data.
The MACS coherence time is defined as the time offset ¢*

corresponding to i* s0 that
*
logy @] = .4 ' (2.3)
In rare instances more than one solution to Equation 2.3 may ”f:*éhavaﬂable.

In such cases, the minimum value of T is taken as the coherence time,

*
In principle, two pulses separated by T suffer a correlation loss of

4dB (10 log,, .4) relative to a con$tant channel.
10 T

- Phase modulation of the MACS data would occur if either L. e inter-
platffnm, distance varied or if the time~of«arrival correction algorithm

was unsuccessful, ms sgction fimt simws the amseitg nces of a general

phase modulation under the assamption thaz c‘he madium itgelf is time
;{mrarianm Then the s;nacﬁ.fic case where the phase modulation is
sinusoidal is examined. Realistic §xaxap3,ee are given inwhieh ‘echerence
times comparable to thoae of the HACS &a:a are obtained solely due to
inter-platform mz:icﬁ or caxmcaiau e::mrs. ‘ »

- Consider the simatimx where the aciw&l response function, H_ {a),
of the acoustic channel is time invariant.

* Bott

m center (Plot C) in
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ﬁh{o} = H{o) (3.1)
for all n in the data interval. Let the measured channel be the product
of the actual response function with a sequence of complex numbérs zZ,

over the same interval

Hn(o) = H(o)z, (3.2)
Then the normalized time correlation fumetiom, Piyi(D) s simply the

normalized aute-correlation function of the sequence Z.» pééfi}.

N-1 ' *
L Hle)zy (Ho)z 4 o)
2 42
RO N
=0

(3.3)

That is, if the chamnel is time invariast, but subject to a modulating

sequence 7, , the measured coherence time is effectively that of the
medulating sequénce.
(U)  For conveniénce, the continuous time equivalents of the preceding

functions will be considered,

g issume 2(t) 4s 2 sinu

£(e) = o 8y o0 COrelny | @
vhere b is the maximum

of the modulati




will also be pericdic of period Tp.

B The normalized autocorrelation of z(t), sz(ﬂ is then given by

T, |
p (1) = % 2(t) z (¢ + t)dt (3.6)
? “ - T »
/2
i cos --*- - cos =
= ﬁfﬁ J hp Th e ? "tp &t (3.7)
BV g
%ia

From trignometric identities (Reference 5, No. 4.3.37) the exponent can

be simplified,

by feos 22 - cos ZEL D y g p stn P etn T (3.8)
T T, T
5 P )
Thex
+ T,
N p/2 -j@n, sin 159 aing
o, (?} =5 = p p dt (3.9)
P ,
- Tor2

- tn EL ;
I (th sin ,%) {3.10)

where J a{"‘} is the zero~th order Bessel function of the first kind and

the transition from Equation 3.9 to Equation 3.10 16 by Lomel's formula

{Reference 5, No. 9. 1.213. J {u) iz & ﬁexaaﬁng, ascn:mtory fnnctian of

u a8 Shmm in Ref ence 5, Fime 9.1,

phase modula mh an ar ult for t:he time cva:x: ion fuactim

is obtained.




-

. The MACS coherence time, ‘t*, then satisfies
%
&= J (2h sin ¥t /T .
o { o S ! p) {3.11)

From linear interpolation of the Table 9.1 of Reference 5,

21, sin m*pr = 1.696 (3.12)

for Equation 3.11 to be valid, that is hp > .848, 1If hp < 848, then
pﬁﬁ(r) never goes as low as .4 and consequently no MACS coherence time

can be defined. This result indicates the model is applicable only for

|
! maximum phase excursions greater than .848 radians (48.6°).

= hg > .848 radians, Equation 3.12 can be solved to yield the MACS
E coherence fime T*:

T
t* = 2 arcetn (ﬁ-ﬁ»@) h, 2 88) (3.13)

No small angle ::pproximtims have been made up to this point, If 7 fT

is less than .1, then the small angle approximation ginu = gy provides 3

more convenlent form of Bquation 3.13.

) by 2 -848)
= .270 Tp/n P (3.14)
(r /’£ < 2}

The second condition of Equation 3,14 will !3& satisfigd if h > 2.70;
which also satisfies the first ccmi:f.tiem. 'rhua t:he zinasoidal phaae

modulacion model gives 's explicitly i.n tems of the wduiation p&xm:&rs

o e PN

h s :‘ provided hp is greater than 2.70 radians (155 4&@;&@5}.

(C)  Iwo potential sources of phase modulation mu:

t be considered in

interpreting the MACS data. First, the intervessel distance might be




B T T

- modulated by the helmsman or currents., Second, the time of arrival

9

compensation algorithm may introduce significant phase errors at re-
latively short pe‘riméx; The MACS data contained in References 1 through
4 does not discuss of the sensitivity of the coherence time measure-
ments to these affects, nor does the presented data contain sufficdent
results to resolve these issues. The paragraphs below apply the tﬁvﬁai
model given above to each situation and show that undér realdfstic
assumptions, the MACS coherénce times could be determined by «e&thar
effect. Obviously, other modulating waveforms, such as random noise,
could be studied, however the discussion here wﬁl be instructure by
itself, .

. Consider the situation in which one of the platforms foliows a
sinusoidal track about a specified heading and the other platform
maintains its heading exéctly. The intarwplatfom distance, y(t), will

then be sinusoidally modulated, ILet

y{t) = agix v *rP cos Z}t,t:!tt‘p +d (3.15)
where 2.y 18 the maximum heading error in radiams, v is the vessel speed
and TP is the period of the vessel motion. The maximumhewding error,

8 x? is the largest angle between the #detual -and inten. ed track, when
the small angle assumption tzm 8 -e ig made, The max:

mum phase ex-

cursion, hpl is then

h? = am R ax;} f&?ﬁ {3.16)

o R
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where f o 1s the center fieq_ueucy and ¢ is the speed of sound.

*
. The MACS coherence time, v, can be calculated from Equation

3.14
* 270 ¢ ;
a2l (3.17)
max ¢

. , T ioy® o «
provided that hp > 2,70 and 8, ay 15 small (amax < 18y, }i‘or‘ the 5 kt

vessel speed and 500 Hz center freguency of the MACS data:

o
h? = ,015 N 'rp (3.18)
o , _ , o ’
where 2 .y 18 the maXimum heading error in degrees. If 3:::&:& . T , 2 180,

*
then hp > 2,70 and Equation 3.17 gives e coherence time T of

* 18.3
= o
a%max

P % (3 73«9)

For a maximum heading error of two degrees and a motional periocd greater

than 180 seconds Equation 3.19 yields a coherence time of 8.2 seconds,

which is within the range of the MACS vesults. Heading errors of this

magnitude are apparently not unusual,
- The second potential source of phase modulation of the MACS data
is the time of arrival compensation. Inspection of the “Reception Time"
plots included in References 2 through 4 indicates substantial variance
in the arrival time relative to the quantization step of 4.096 ms (720°).
Because the scaling of both axes of these plots is automatically selected,
this variance is sometimes difficult to judge.

B o Freese has indicated that the quantity labeled "Residusl” in -

the lower center of theseplots (Reference 4 only) is the root mean

* For convenlence take c = 5000 ft/sec, kt.= 1.689 ft/sec.
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squared difference between the measured arrival time and the arrival
time estimated by the curve-fitting algorithm in milliseconds. Over the
84 time arrival plots of Reference 4, this quantity haes a mean value of

5.3 milidseconds with a minimum of .95 ms (Blake 5/5) zrd a maximum of

22.5 ms (Shelf North 50/15). Tramslated into phase at 500 Hz, the
"residual” has a mean of 3.08 cycles, amin imum of 167°, and a maximum
of 11 cycles., Moreover, 53% of the plots have “residuals" greater than
720° ,only 17% have residuals less than 360°. Consequently the effects of
the time of arrival compensation algorithm are worth considering.

. The difference between the measured and fitted arrival time is

not sinusoidal, as can be seen from any of the “Reception Time" plots.
If the actual arrival time is smnqthly varying, however, the difference
between the actual and fitted arrival times could appear sinusocidal.
Under these conditions the model given earlier provides insight, Let

E be the error between the actual and fitted arrival times. Then hp

is given by

h = 2f E (3.20)

P o

and

T = D43 {3.21)
where hp > 2,70 must hold to apply Equation 3.21.

At 500 Hz, Equation 3.20 becomes
%xp = 3,14 Ems (3.22)

— |
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where E  is the error expressed in milliseconds. Tne conditicn for

Equation 3.21 will be met if Ems > .86 ms. Equation 3.21 is then

e S e T S S

N T
r = .086 gﬁ-
ms

Assume that Yp is of the order of the interval size (300 seconds) divided

(3.23)

by the degree of the firting polyuomfal (&), that is 75 seconds. Then a

one wmillisecond error between the actwal and fitted arrival times yields
a coherence time of 6.5 seconds. This iz also within the range of the
MACS coherence times.,

E i The preceding discussion clearly does not prove that the MACS

coherence time measurements result from either platform motion or time

of arrival compensation errors. It does show, however, that these

effects must be understord to properly inmterpret the MACS data. g

4, Phase modulation of large TW systcas
i" If inter-platform motion was the dominant factor fn the MACS

E ccerence time measurement, the same phase modulation will be present

o R e e i

in large TW systems. The effect of this modulation on system per=
formance will depend on the system center frequency, fo' the signal
duration, ?s, and the specific motional waveform. In this section,
the performance of a 1%xge W system under the sinusoidal phase
modulation of the preceding section will be examined. The results of . .
this examination show that the MACS coherence time raxis not the limiting %

value for Ty and that large TW systems have considerable resistance to

E such phase modulation. Further, the apparent differences in coherence
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times measured by the MACS project (References 1 through 4) and those of
the ACS project (References 6 and 7) will be explained.

- For convenience; the M7 pseudo noise burst communications system
and specifically its synchronization/channel response measurement
algorithm will be considered. The analysis will be equally applicable
to the periodic pseudorandom sequence techniques which h;ve found wide
application by ONR ﬁransmissian measurement investigators.

. Let a{t), |a(t)| = 1, be the transmitted pseudonoise burst
waveform of duration TB in the probe component of the M7 system. In
the system bandwidth, a(t) is white
Raa('r} v Ty §{1) (4.1)
For pseudonoise systems with TW products greater than 1000, Equation
4,1 is an excellent approximation.
. Assume the received signal, y(t), is che sinuseidally phase

modulated response of a linear, time invariant chamnel, c{t), to the

transmitted waveform, a(t).

f}% soa 2nlt + to)
7{t) = & ° A T afu) ¢ (£ -~ u) du {6.2)

P
Hete hp is the maximum phase excursion in radians, T o is the motional
period and t, indicates the starting time of the burst relative to the
motional perfiod. Although y{t) will have a longer time duration than

a(t) due to the channel, its duration will still be of the order of 'I‘B.

‘:{» .

oz
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“ Before proceeding further, observe that 1f the burst duration
Ty is small relative to the motiomal period, ?F, the phase modulation
appears as a simple frequency shift. Assume ‘}.‘B < Tpi’ 10, then the

small angle approximations sin u = u, cos ¥ ¥ 1 applied to Equation

4,2 vield
27t 27¢
- ;}hp sin-,}:-q- %’l‘.:..,. hp cos
y{e) v e P » P a(wec(t-u)du (4.3)

T
Ty < p/10

The first term in the exponent represents a pure frequency shift, the
second represents a constant phase shift. A large TW system, suc™ as
the M7 communication system, includes automatic Doppler removal
algorithms and would compensate for the motional effects under the
assumption., The constant phase shift temrm would have no effect at

all. Consequently, motional effects are important for large TW systems
only when the burst duration TB is near the motional period '.i‘p.

- The estimated channel response, ;.(t) , is obtained by cross-

correlating y(t) with a replica of the transmitted signal, a(t)

elt) = fak(v}jr {v + t£)dv (4.%)

th cos 2‘5(:(} +t fu}

= f a*(v) e Tp | a{w)clrit-u)du dv (4.5)

Let v - u = w, then

o




R i

eft) =f eft +w) Raa (=~ w, hP’ to» + €, Tg} dw (4.6}
where

[ b, cos 2t )
?

*
Raa(' W, hp, £, 'r?) = e Tp a{u)a (ukd)du {(4.7)

b

If no interplatform motion is present, then h? = ¢ and Equation 4.7

becomes
X ,
Raa(- Wy, 0, t', ‘I‘p) = faf(n)a {u¥w)du {4.8)
= Raﬁ{f") {4.9)
N TB S(w) {4.10)
Then
e(e) » T, o(t) (4.11)

by inserting Equation 4.10 into Equation 4.6. Thus, 1f no interplatform
motion is present, the crosscorrelation procedure of Equation 4.4 gives
the channel impulse response c(t) multiplied by a processing gain TB’

. When hp is non-zero, Raa(w, hp, £t Tp) may be changed in two ways.
First, it may no longer i;a impulsive as te«iuimd in Equation 4.1. Second,
its peak correlation value may be reduced to less than TB‘ The first
change would have the most drastie conseqguences, but will not oceur
unless the phase modylation is correlated with the pseudunoise trans-

nmission. That is,
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LA tt, 'Ey) v Ju] >0 (4.12)
Consequently, the following approximation for Raa(w, hp, th, ‘i’p) is

appropriate:

$ w oy o v
R hp’ LA Eg} z’(h?, tt, ?9) §(w) (4.13)

3% cos 2?:{1:; + u)
a”i&gw TN %} = Je P

where

a (4.14)

since %a(t)! = 1. The range of integration of Equation 4.14 is over the
T, long interval where a{t) is non zero. The reduction in 'z(hp, t!, 'rp)
relacive to TB as a function of the motional parameters h o7 t' and 'I,‘p is
important and will be discussed below.

B The following definition will be convenient:

2na + 21b
2(h, a, b) = ’2%%‘ o J2%h cos u 4 (4.15)

2na

The function z{k, a, b) has the following properties:

z(h, a, by ¥ 1 small h, all a or small b, 2ll a {4.16)
z(h, a + .5, b) = z(h, a, b) {4.17)
z{h, a, .5n) = J O(erh) all a and integer n (4.18)

Appendix A gives tables of z(h, a, b} which have been verified via Equation
4,18 to be correct to 3 significant figures. Note that z(h, a, b) is in

general complex.

-

g purbereyy

[
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. Equation 4.13 can be rewritten in terms of z{h, a, b) as follows:

¥ = »
R, {w, hp, t!, '1’?} z{(h, a, B) Ty 8 (w) {4,19)
where
h = Bp/2n (4.20)
a=t'/T, ‘ (4.21)
b = '{‘BITP {4.22)

Thus z{h, a, b} can be interpreted as the loss factor, relative to 'IB,

for a phase modulation parameterized by h, a and b. Here h represects
the maximum phase excursion in cycles and equals the maximum spatial
excursion in wavelengths. The parameter a gives the initial angle in
cycles and b is the burst duration normalized by the national riod.

I Define the loss due to motionm, L{h, a, b) as follows:

L(n, a, b) = - 10 log,, |2k, a, B)|? (%.23)

This is the loss in signal to noise ratio experienced by the cross-

correlation process expressed in decibels. In an actual system, the

initial angle a would not be kunown, hence the following loss, L ., is
of more value in system design:
Loax(hs B) = maX  L(h, a, b) (4.24)

0 <ax< .5
That is, me is the maximum loss over all initial angles for a given h

and b. Figure 4.1 depicts lines of constant Lm ax °Ver the h, b plane.

For small h or for small b Lm iz small as expected.
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. The preceding analysis is immediately applicable to the synchroni~

zation and channel measurement processes in the M7 communication system.
The effect of interplatform motion on the information demodulation
process deserves further study, but appears to be small compared to the
former. The loss experienced by the M7 synchronization and channel
masurement processes will be equal to L(h, a, b), but the performance
measure Lmax(h, b} is more convenient.
- From Figure 4.1, curves of constant Lm(h, b) are sesn to be
nearly hyperbolie, that is,

hebs= K {4.25)
for a specified loss Lmax(h’ b} in decibels. This approximat’-n fails
for small h, 28 a specified I‘ma’xih’ b) may not occur for any b below a

*
given value of h, designated hL’ That 4s, given a loss L,

Loax(l> ) <L for all b (4.26)
if h < h:
Table 4.1 gives KL and h; for L= 1, 3, 6 and 10 dB, Purther, for
b < .1 the system’s automatic Doppler removal algorithm will remove the
motional effects as indicated in Equation 4.3. Subject to these con~

straints, Equation 4.25 provides insight into the M7 system performance.
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Table 4.1, ITdmiting values of h i}

(This Table NN

*
Loss L, dB KL ﬁL
1. S0b4 .05
3. 073 13
. .109 .20
18, .25

B From Equations 3.16 and 4.20,

a )
b= EX VT, .27

then Equation 4.25 becomes

&ax ¥ £Q T

s o B : (4.28)
vhere bwas found from Equation 4,22, This gives a convenient relation
between the platform motion indicated by a nax and v and the burst
characteristics Ty and £, For example, consider the 3Kt vessel speed
and 2° heading error assumed in the preceding section., In order for the
M7 system to have less than a 3 4B loss, the following relation from

Equation 4.28 must hold:

£ . Ty < 7775 (4.29)

At the current M7 center frequency of 204.8 Hz, this requives that

o]
A

< 40 sec. At the 500 Hz center frequency of the MACS data, T, < 15,5

sec. Note carefully that 'Equation 4.28 is valid only where the loss

S

e
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*
curves are hyperbolic; that is, h > hL’ b > .1,
B Equation 4,28 can be exploited further making use of Equation

*
3.17 to relate the MACS coherence time v to 3

max”
T
2706 B
i (4.30)
‘This can be rewritten to yileld
N .
T, = 1.7 7 (4.31)

B
Here the value of K corresponding to a 3 dB loss has been taken from

Table 4.1. Equation 4.31 holds only if the conditions of Equationm 3.17

are valid, hP > 2,70 (h > .430), a . small., The conditions of Equatilon

*
348

that the burst duration corresponding to a 3dB loss, T, by E¢ .lon 4.31,
g BY

4,25, b > i, h>h = .15, must also hold, The important result is
is larger than the MACS coherence time ?* by 70%, under the sinusoddal
phase modulation model., Consequently, the MACS coherence time by itself
does not determine the time duration for a large IW system, even undey
an elementary motional model, '

B  The preceding analysis is also helpful in understandfng the
coherence times measured by the ACS project as described in References
6 and 7. These resulis indicdte the medium decorrelates approximately
3 4B in 210 seconds, but the measurement technique is significantly
different from the MACS project.

B  In the ACS technique, channel impulse response measurements

:: i(t:}r are computed from several disjoint input signal vectors

x{t + i?B}, 0<t< Tys =0, 1..., using a large IW product wave-

%

SRR AN




form. The normalized crosscorrelation function pi(r) is computed for

22

each interval i > Q.

8,(1) = 1 pem—n g:sia}%%{t + 3t (4.32)

S22
/e (0" fe ted[ ar

In general pi(w) is complex., Then the following correlation coefficient

is found,

o, = m‘:x EROY (4.33)
The purpose of the maximmization is to eliminate the effects of time of
arrival changes between the o~th and i-th interval. Plots of Py versus
the time offset, iTB, are genevated and the cocherence time is found by
interpolation of the resulting plets.' The processing also employs a
Doppler removal algorithm;
. Because motional effects reguce the size of gi(t} by z(h {» 84 b i)
and do not change its shape, the normalization indicated in Equation
4.32 eliminates the motional effects completely. Indeed if ci(z) is the
actual channel response in the ith interval then

pylr) = gﬁﬁﬂ*iix} , (4.34)
L S

that is, pi(r) is the normalized cross correlation for the actual chapnel.
The only consequence of the interplatform motion will be in the reduction
of the signal to noise ratio in the estimated channel response ci(t}. A1l

ACS measurements included algorithms which calculated gi(r} only if both
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co('c) and ci(r) had signal to noise ratios greater than 10 dB. Thus the

*
ACS coherence time measurements are ingensitive to motional effeets.

5. Conclusions and Recommendations Jij

BB  The MACS coherence time measurement is semsitive to both inter-
platform motion and errors in arrival time compensation.  Under the
assumption of a sinusoidal variation in interplatform dist’ancé with a
maximum heading error of 2° on one plstform the coherence time is
limited to 9.2 seconds even 1f the medium is actually time invariant.
Similarly a 1 millisecond error in arrival time with a perfod of 75
seconds ylelds a maximum coherence time of only 6.5 seconds. Since
both of these results are in the same range as thoes of the MACS data,
the MACS coherence times may be attributable more to platform motion orx
the time of arrival compensation technique than to actual changes in the
acoustic medium,

BB If the MACS coherence times are highly influenced by interplstform
motion, these motional effects must be understood in detail to design

improved communication systems, Ideally, continuous and coherent data
on interplatform motion should be ¢btained. This data should be capsble
of indicating fractional wavelength variations in distance and could be
cbtained by coherent demodulation of a tonal component in the trans-

mission. Unfortunately, the MACS data lacks such a component and the

*All ACS experiments had transmissions with subgtantiel carriaer lines.
Consequently, information on Ilnterplatform motion could be obtained
by snalysis of carrier phase.




necessary information on vessel motion may not be obtainable from the

24

existing data.

. Performance of large IV product systems, such as the M7 communication
system, depends on the specifics of the interplatform motion. For the
sinusoidal distance variation considered here, the large TW systems are
less sensitive to motional effects than the MACS measurement technique,

For example, under the same conditions a large TW system can use a burst

duration 70% larger than the MACS coherence time and achieve only a 3 dB
loss. If the motional period is large relative to the burst duration,
the losses are even smaller.

k . The following recommendations are offered based on the above
vesults. First, recipients of References 1 through 4 should be adviged
that the coherence times reported may be due to platform motion or time
of arrival compensation error. Such a notice is needed because the

MACS documencs de not consider these effects and represent the coherence

time as 3 measurement of the mediom itself. Second, the MACS data
Y should be reprocessed to extract better information on interplatfornm
moticn, if that is possible. Third, future MACS experiments should

include a tonal component adequate to resolve interplatform motions.
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