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The proposed work is the first part of the overall work on the development of the structure of the
hydroacoustic navigation system (HNST) for bringing the autonomous underwater vehicle (AUV) to
the docking module (DM). The second (final) part will be published in the next issue of the journal.
The purpose of this work is to select signals for building HNST providing reduction in a near zone
at the distances not exceeding 300 m, an AUV and its docking with the carrier is considered. Mutual
definition of a distance and angular position DM of the carrier and AUV relative to each other is car-
ried out for this purpose. Determination of mutual angular coordinates can be carried out with use
of HNST with short and ultra-short base. HNST with short base is preferable for realization from
the point of view of simplicity. However, its installation on the AUV can be impossible because of
rather small sizes of the device, and on AUV should be installed HNST with ultra-short base. HNST
with short base can be established on the docking module. Since there are no reasons to assume the
high speed of change of the phase characteristic of the developed high-frequency channel of trans-
formation therefore the interval of stationarity of the phase characteristic should be significantly
more than duration of a symbol at a speed of transfer of 4 kBit/s. Therefore, it is advisable to
exchange measurement data between AUV and DM in the composition of HNST by relative phase
modulation (DPSM). Reception of signals is performed by a suboptimal incoherent receiver on which
entrance deep restriction of an entrance signal is carried out. The use of deep signal limitation at
the receiver input allows to exclude operation of automatic control of strengthening at a stage of
entry into communication, as a result, it is possible to reduce the duration of communication ses-
sions. In the combined information navigation system, it is expedient: to apply as navigation signals
of data exchanged between AUV and DM based on the results of mutual measurement of navigation
parameters; to carry out data exchange between AUV and DM by method DPSM with a speed
V = 4 kBit/s; to carry out transfer of the block of data with application of the correcting block cyclic
code ; to apply to reception of a block of data diversity reception in combination with majority
decoding characters, and then correct errors in the data block with the help of code, and to accom-
pany the issuance of data to the user sign detection code errors in the block.
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Introduction

The proposed work is the first part of the overall work on the
development of the structure of the hydroacoustic navigation
system( HNST) for bringing the autonomous underwater vehicle
(AUV) to the docking module (DM). The second (final) part will
be published in the next issue of the journal.

The possibility of constructing HNST is being considered,
which provides an AUV in the near-field zone at distances not
exceeding 300 m and its docking with the carrier.

In [1, p. 183], the expediency of presenting the developed
HNST in the form of a combined information and navigation
system was shown. As navigation signals in such a system,
signals can be used that are intended for exchange between DM
and the AUV with measurement data of the slope distance,
elevation and azimuth between them.

Determination of mutual angular coordinates can be carried
out using GNSS with a short and ultrashort base. In both cases,
the measured angular characteristics are "apparent”, "measured
along the beam". The slope distance obtained from the
measurement of the propagation time of the acoustic signal
between the AUV and the DM is also "apparent", since the signal
propagates along the beam curved due to refraction. To pass to
the actual values of the oblique distance and angular coordinates,
their "apparent” values must be recalculated in accordance with
the ray theory accepted in hydroacoustic, see, for example, [2].
For this purpose, the mutual determination of the distance and
angular position of the DM of the carrier and the AUV relative to
each other is carried out.

As a rule, AUV control is carried out on the basis of
algorithms with a large set of coefficients and empirical
dependencies [3-6]. This approach provides a solution in a
number of special cases. In the course of a long autonomous
movement of the APU, such algorithms lead to large errors. In
[7], an algorithm for the optimal programmed-positional control
of the AUV based on the theory of optimal control is shown,
which excludes the procedure of empirical selection of
coefficients in the control laws and allows the delivery of the
payload to the docking object. In [8, 9], it is proposed to use
video information from mono cameras (or high-resolution
scanning sonar) for the adaptive calculation of the trajectory of
the robot. Given the limited transparency of the aquatic
environment, the use of video cameras (or sonars) at distances of
more than 50 meters is problematic. In [10, 11], navigation
robotic systems are described, including autonomous underwater
and surface vehicles. These complexes solve only navigation
problems. In [11] it is shown that in field tests, the error in
determining the coordinates of the AUV was 8-16 meters.

From the point of view of simplicity, HNST with a short
baseline is preferred for implementation. But its installation on
the AUV may turn out to be impossible due to the relatively
small size of the apparatus, and the AUV should be equipped
with a HNST with an ultrashort base. HNST with a short base
can be installed on the docking module. Such a solution makes it
possible, by carrying out additional space-time processing of
communication signals on the DM, to improve the quality of the
measurement data transmission from the AUV to the DM, which
in the conditions of power constraints on the AUV is an
undoubted advantage of this option for constructing high-
frequency HNST equipment.
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Formulation of the problem

Ensuring the required noise immunity of data reception in
HNST can be achieved by choosing an appropriate signal system
and applying appropriate methods for increasing the reliability of
transmission, based on the use of various kinds of redundancy.

It is known that the maximum noise immunity of digital
information transmission is provided when using orthogonal or
opposite binary signals. Discrete frequency modulation (DFM)
signals and discrete relative phase modulation (DPSM) signals
are often used. The use of DPSM signals for digital information
transmission provides almost two-fold savings in hardware costs
compared to the use of DPSM signals [12]. Since there is no
reason to assume a high rate of change in the phase characteristic
of the developed high-frequency alignment channel, therefore,
the interval of stationarity of the phase characteristic should be
significantly greater than the symbol duration at a transmission
rate of 4 kbit / s, it seems expedient to exchange measurement
data between the AUV and DM as part of the HNST by the
DPSM method [12]. Signals are received by a suboptimal
incoherent receiver, at the input of which a deep limitation of the
input signal is carried out [13]. The use of deep limiting of the
signal at the receiver input allows excluding the operation of
automatic gain control at the stage of entry into communication,
as a result, the duration of communication sessions can be
reduced.

The session nature of the exchange between the AUV and the
DM with measurement data of mutual navigation parameters
presupposes the adoption of special measures to ensure reliable
determination of the beginning of the data block on the receiving
side. In connection, usually, for this purpose, immediately before
the start of the information block of the transmission a special
synchronizing start sequence; a decoder is used to extract it.

Since when the receiver detects the start sequence, it is con-
sidered that the measured data is being transmitted, when choos-
ing the signal structure, measures should be taken to reduce the
likelihood of a false detection of the start sequence (false alarm)
P in the absence of its transmission.

Choosing a signal system that implements the principles
HNST with short antenna base

When analyzing the applicability of HNST with a short base-
line, the value of the root-mean-square error in measuring the
propagation time of an acoustic signal between the AUV and the
DM o (7,) was taken sequentially equal to 2, 5, and 10 us [14].

When measuring the propagation time through the "request-
response” system, their error o(z) is determined by two com-

ponents: the error caused by the frequency drift of the master
oscillator, and the error in the moment of signal detection by the
receiver caused by the action of interference. We require that the
measurement error caused by the drift of the master oscillator
frequency be an order of magnitude less than the error at the
moment of signal detection by the receiver. It was shown in [15],
that

o(zs) |

2.2

o.(t)=
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and in the same place:
I
20(5, -+/h?)

0, — the value of the normalized step of correcting the position

of the output signals of the clock synchronization system (STS)
relative to the symbol duration T _;

®(x) — probability density function of a centered, normalized
random normal Gaussian process

o.(t)=T,-

D(x) = % | exp{—%}dt'

Substituting (1) into (2), we obtain an estimate of the required
measurement data transfer rate between the AUV and the DM.

A
J2.2 5, .
7o) oo(o, ]

Table 1 shows quantitative estimates of the required data
transfer rate between the AUV and the DM, based on the values

of the propagation time measurement error O'(T) =2,5and 10

us, used in [14] when analyzing the use of HNST with a short
baseline. The indicated quantitative estimates were obtained on
the assumption of using an STS as part of a suboptimal receiver
with a relative step size for correcting the position of its output
signals 5, =0,01 and 5, =0,005.

o, =0,005, output signals and, given in Table. 2, allow us to

recognize it as expedient to organize the transfer of measurement
data between the AUV and the DM as part of the HNST at speed
V =4000 boo -

At speed VV =4000 Koo the permissible error in measuring

the propagation time of the acoustic signal between the AUV and
the DM & (7) =10 mxc is provided at the signal-to-noise ratio

h? =18 o5, if an STS is used as part of the receiver with a rela-

tive value of the correction step for the position of the STS out-
put signals 5, =0,01. If 5, =0,005, then the error in measur-

ing the propagation time is provided o (7) =10 uxc already at
h?=12,5 05
Table 2

Estimation of the error in measuring the propagation time
for transmission rates of 4000, 5000, and 6000 Baud from

the signal-to-noise ratio h* at 0, =0,01and 5, =0,005

Signal to noise ratio, h?, decebel 10 20 30 40
Measurement o, =0,01 16,9 9,3 6,6 3,2
errr((J)r (;f ;?(?r?l V=4000 Baud 5,=0,005 | 11,9 66 38 21
proped 5,-001 | 136 | 7.4 | 53 | 25

time between V=5000 Baud k
AUVand |- aud "5 =0,005 | 95 53 30 1,7
DM, o(z,). 6,=001 | 113 6,2 44 21
us V=6000Baud "5 0005 | 80 | 44 | 25 | 14

Table 1
Signal to noise ratio, h?, decebel 10 20 30 40
5,=0,01 | 33850 | 19015 | 11053 | 6497
?Pe‘?d "g”ts' o(z,)=2 1S [5-0,005 | 23953 | 13126 | 7601 | 4238
erring data

between AUV . 5,=0,01 | 13540 | 7606 | 4421 | 2599
uDM, Vv . | o(z)=51S [(5-0005 | 9580 | 5240 | 3040 | 1695
Baud 5,-0,01 | 6770 | 3803 | 2211 | 1299
o(z,)=101s [ 5 0,005 | 4790 | 2620 | 1520 | 848

Estimation of the measurement data transfer rate between
AUV and DM V , Baud , based on the measurement error of the
propagation time o (z;) at 5, =0,01 and 5, =0,005

Based on the conditions for minimizing the cost of imple-
menting the equipment, the value of the transmission rate should
be selected from the condition: V =m-1000 [Baud], where m
is an integer. It seems expedient (for reasons of reasonable
complexity of the equipment) to consider the possibility of
transmitting data between the AUV and the DM at 4000, 5000
and 6000 Baud rates.

Quantitative estimates of the error in measuring the propaga-
tion time for transmission o (z,,) rates of 4000, 5000, and 6000

Baud from the signal-to-noise ratio h? at the relative value of the
correction step for the position of the STS ¢, =0,01 and

Suggestions for choosing a signaling system
for communication between AUV and DM in HNST

Ensuring the required noise immunity of data reception in
HNST can be achieved by choosing an appropriate signal system
and applying appropriate methods for increasing the reliability of
transmission, based on the use of various kinds of redundancy. It
is known that the maximum noise immunity of digital
information transmission is provided when using orthogonal or
opposite binary signals. Frequently in these cases, discrete DFM
signals or DPSM signals are used. It has been experimentally
confirmed that the use of DPSM signals for transmitting digital
information in a hydroacoustic communication channel provides
a small, about 2 dB, gain in noise immunity compared to DFM
signals. In addition, when using DPSM signals to transmit digital
information, almost two-fold savings in hardware costs are
provided in comparison with the use of DFM signals [12].

Since there are no grounds for assuming a high rate of change
in the phase characteristics of the developed high-frequency
alignment channel, that is, the interval of stationarity of the phase
characteristic should be significantly greater than the symbol
duration at the transmission rate \/ = 4000 Koo, it seems expe-

dient to exchange measurement data between the AUV and the
DM as part of the HNST using the DPSM method. In this case,
the reception of signals is carried out by a suboptimal incoherent
receiver, at the input of which a deep limitation of the input
signal is carried out. The use of deep limiting of the signal at the
input of the receiver makes it possible to exclude the operation of
automatic gain control at the stage of entering into
communication, by virtue of which it is possible to reduce the
duration of communication sessions [15].
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The session nature of the exchange between the AUV and the
DM with measurement data of mutual navigation characteristics
presupposes the adoption of special measures to ensure reliable
determination of the beginning of the data block on the receiving
side. In connection, usually, for this purpose, immediately before
the beginning of the information block, a special synchronizing
start sequence is transmitted, and a decoder is used to extract it.
Since when the receiver detects the start sequence, it is consid-
ered that the measured data is being transmitted, when choosing
the signal structure, measures should be taken to reduce the like-
lihood of a false detection of the start sequence (false alarm)
Py in the absence of its transmission.

False detection of the start sequence can occur both as a re-
sult of its collection of noises in the absence of transmission in
the channel, and as a result of the transformation of the data sig-
nal transmitted in the opposite direction, as well as back received
at the input of the receiver as a result of reflection from a distant
obstacle. Quantitatively, the frequency of recruiting a starting
sequence from noises will be estimated by the probability of re-
cruiting a starting sequence from noises P_, and the frequency

of transformation into a starting sequence of a data signal trans-
mitted in the opposite direction will be estimated by the probabil-
ity of transformation PTp

P.p=Pu+P,: @

Taking into account that in the absence of a signal at the in-
put of the receiver, the appearance of binary symbols "0" and "1"
at its output is equally probable, then the set of the starting se-
quence with the length L of symbols is carried out with the
probability

PHI.I.I = 2_L '
The probability of transformation |:>Tp into the start sequence

of a data signal transmitted in the opposite direction depends on
the degree of their mutual difference. For definiteness, let us
assume that the receiver detects a transformed start sequence
from the data signal transmitted in the opposite direction. Taking
this assumption into account, the minimum transformation PTp

probability is ensured if mutually opposite sequences are used as
starting data signals transmitted in opposite directions. In this
case, the transformation probability is defined as:

AL
P,=p" )

T

where p - is the average error probability in the channel.

When using an optimal incoherent receiver for receiving
DPSM signals, the average error probability is estimated by the
value [16]:

p :eih2 .

In [15], it was proposed to use suboptimal incoherent
receivers for the implementation of HNST, at the input of which
a deep limitation of the received signal is carried out. Such a
receiver loses 3 dB in noise immunity to the optimal incoherent
receiver. Therefore, to estimate the average error probability in
the channel, we will use the expression

T-Comm Vol.I5. #6-2021
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p=e 2. 3)

In [17], it was shown that the signal transmission power in
the channel should be selected so that the signal-to-noise ratio at

the receiver input h? is not less than 12.5 dB. Substituting the

value h? into expression (3) and further into (2) and (1), we ob-
tain
-L

P o~ 2.

Thus, when used for transmission in opposite directions
between the AUV and the DM as part of the data signals of
mutually opposite (inverse) start sequences, the probability of a
false sequence detection is determined mainly by the probability
of their collection of noises.

If we assume that unwanted commands can be issued to the
AUV's autopilot due to a set of data block noises, the length of
the starting sequence L should be chosen such that the probabil-
ity of its set of noises is negligible. We require that the probabili-
ties of false reception of a data block in the absence of its trans-
mission P, » <107°. In this case, the length of the starting se-

quence must be selected from the condition L >-5-log,10 ~17

The structure of the starting sequence should be chosen in
such a way that its correlation function has a minimum level of
side lobes. Of the currently known binary sequences, the best
correlation properties are possessed by the Barker sequences
[16], in which the lateral outliers of the normalized correlation

function r(l) g%, where L is the sequence length. However,

the Barker sequences are of insufficient length and the Barker c
sequences are known to date L <13. For this reason, it is
advisable to use M-sequences known in the communication
technology [16] as a starting sequence. The normalized periodic
correlation function of the M-sequence is

1, npu | =0,
r(l)=
m; /L, npu | =0,

where m. - is a constant, the value of which characterizes the

maximum values of the lateral emissions of the correlation function
of the M — sequence, has a value in the range from 0.75 to 1.25.

The nearest length L >17 required is an M-sequence with a
length L =31. However, as will be shown below, it is more ex-
pedient to use an M-sequence with a length as a starting se-
quence L =15.

If, as noted, the detection of such a start sequence is carried out
using a 15-bit decoder, then if at least one character in the se-
quence is distorted by noise, it will not be detected. The block of
data received from the channel will be skipped. Quantitatively, the
frequency of the receiver skipping a data block will be estimated
by the probability of missing a target Pup u

P =1-(1-p)- (4)

np it

Substituting into the value of the average error probability for
h?=12,505 wegetthat p  ~2.10°.
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This estimate corresponds Pup u to the steady state, when the

phase of the output signals of the clock synchronization system
has already been adjusted to the signal coming from the channel.
However, in fact, at the beginning of the communication session,
when the phase of the STS output signals has not yet been ad-
justed to the received signal, the probability of receiving a sym-
bol with an error p approaches 0.5. As the phase of the STS

output signals is adjusted to the received signal, the estimate of
the probability of receiving a symbol with an error p decreases

and tends to the value of the average error probability in the
channel p. The phase adjustment of the STS output signals to

the received signal is carried out on average over the duration of
the L >50 symbols. Therefore, strictly speaking, the estimate of
the probability of missing a target Pup formulated in expression

(4) is valid for the case when at the beginning of the communica-
tion session before the data block, the starting m
M-sequence (copies of the starting M-sequence) is transmitted
once in a row. On the first four of them, the phase of the STS
output signals is adjusted to the received signal, and the decoder
detects the start sequence at the length of its subsequent copies.
In fact, to reduce the likelihood of missing the start sequence, it
is proposed to use repetition redundancy: multiple retransmission
of the start sequence. The resulting ambiguity in determining the
beginning of the data block (multiple of the length of the start
sequence) is eliminated by transmitting, together with the start
sequence, immediately after it, its serial number m. When the
decoder detects the start sequence in the receiver, its sequence
number is determined, according to which the moment of the
start of the data block is calculated.

Thus, it is proposed to transmit a header immediately before
the start of the data block, consisting of a series of non-
interrupted numbered starting M-sequences 15 characters long.

When an M-sequence is detected in the header and its num-
ber is distorted by interference in the receiver, the beginning of
the data block is incorrectly determined with consequences
commensurate with the consequences of detecting a data block in
the absence of its transmission. Therefore, we require that the
probability of receiving the number of the starting M-sequence
as part of the header with an undetected error in its number P

is quantitatively equal to the probability of false detection of the
data block P, . Let's accept P =107°. In this regard, to

transmit the numbers of starting M-sequences in the header, it is
advisable to use block correcting — codes (n,k) that detect

errors.

In this case, the probability of receiving a number with an
undetected error can be reduced to an arbitrarily small value by
increasing the number of check symbols r =n—k in the corre-
sponding code combinations; here k — is the number of infor-
mation symbols in the codeword, n - is the length of the
codeword.

When choosing the type of correction code, in addition to the
probability P, it is necessary to take into account the degree of

matching of the code with the channel characteristics, for which
the parameters of grouping errors in the channel must be deter-
mined. With a lack of information about the grouping of errors in
the channel in [17], it is recommended to use cyclic Bose —

Chowdhury — Hockwengham codes, which are distinguished by
high detecting ability when working in communication channels
with wide ranges of variation of the error grouping parameters.
Another advantage of this class of codes is a simple, adapted for
software implementation in an embedded microcomputer,
regular procedure for encoding and decoding information, which
makes it possible to recommend the use of cyclic Bose -
Chowdhury — Hockwengham codes in GNSS for transferring
starting M-sequence numbers as part of the header.

The detecting ability of the correcting code, which is usually
characterized by the multiplicity of guaranteed detected errors
t ... is determined by the code distance d of the correcting code

(n,k), t,5, =d —1. As a rule, the code distance of the correc-

tion code grows with the increase of its redundancy r .
Considering the above, the signal header should have the
structure shown in Figure 1.

M-sequential | p=] [M-sequential| ;=2 [M-sequential| =3 M-sequential | p=M

=15 |as, | =5 |as | =s ]S, =15 | (159

Fig. 1. Structure of the data signal header

Below will be shown the feasibility of using for the transmis-
sion of numbers of starting M-sequences in the header of the
block cyclic code of Bose — Chowdhury — Hockwengham
(n,k)=(15,5), with a generating polynomial

g(x) = x> + x> + x [18]. The specified code has a code distance
d =7 and can be guaranteed to detect six-fold errors, t,, =6

It should be expected that the probability of undetected error
when receiving numbers of starting M-sequences in the header

will not exceed the value P =107° if the average error proba-
bility in the channel p <1071

Let us estimate the required number of retransmissions of
start sequences in the header based M on the probability of
missing a data block P;lpu. Taking into account that a time inter-

val corresponding to the duration of two starting
M-sequences and two code combinations of the cyclic code
(15.5), which transmit the numbers of these sequences, should be
reserved for adjusting the phase of the STS output signals to the
incoming signal, we obtain a condition for determining the num-
ber of repeated transmissions of start sequences in the header M

M > lgp,. vy (5)

- Ig _1_(1_ p)L+n_

For PHle <107° and the signal-to-noise ratio at the input of

the receiver h? =12,5 o5, the header must contain at least five

retransmissions of the starting M-sequences and the corresponding
code combinations of the cyclic code (15.5). The total length
L, =5 (15+15) =150 of the binary character header.

Determination of the moment of the beginning of the data
block is carried out by calculating the time interval t. from the

moment the decoder detects any of the five starting M-sequences
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and receives without errors the corresponding code combination
of the code (15.5) with its number m. The specified time interval

is measured in symbol durations T :l and must be calculated

Vv
according to the rule:

t, =30-(5-m)-T.

Setting the header structure allows you to refine the estimate
of the probability of a false detection of a data block due to a set
of noises in the starting sequence. In the absence of transmission,
a false detection of a data block can occur if the starting M-
sequence and the allowed combination of the cyclic code (15.5)
are sequentially typed from the noise, intended for numbering the
M-sequences in the header, such allowed code combinations are 31.

Then, P =31-0,5""=31-0,5* ~ 2,9-10°%, which is signif-

icantly lower than the accepted value 10™°.

The number m, received without errors in the starting M-
sequence in the header, can be used for monitoring the quality of
the functioning of the data exchange system between the AUV
and the DM. If, in a number of consecutive data exchange ses-
sions, start M-sequences with numbers m, mainly equal to "1"
and "2", are found, then the quality of the functioning of the data
exchange system between the AUV and the DM can be consid-
ered good. And vice versa, if in a number of sequential data ex-
change sessions the detected start M-sequences are predominant-
ly numbered "5", then the quality of the system functioning
should be recognized as close to critical, and measures should be
taken to improve the transmission quality, for example, to in-
crease the signal transmission power. That is, the information on
the numbers of the received start M-sequences in the header of
the data signal can be used as an indirect measure of the signal-

to-noise ratio h? in the hydroacoustic channel to select a strategy
for bringing the AUV to the docking module.

The mutual determination of the navigation characteristics of
the AUV and DM relative to each other is accompanied by the
exchange of measurement data between them. Data is transferred
in 25-byte sessions. The average error probability when
receiving the specified measurement data should be no worse
than 10 per bit.

The quality of measurement data transmission to HNST is
characterized by an average probability of error P, per byte. For

definiteness, we require that the average probability of error
when receiving measurement data is no worse than 10 per byte.
Then, writing by analogy with expression (5)

P =1-(1- p)’<10*,

we obtain that the equivalent average probability of receiving one
symbol with an error in the data block must correspond to the val-
ue p=1,25-10". For comparison, let us note that the average
probability of the error in receiving DPSM signals, calculated by
expression (5) for the already mentioned signal-to-noise ratio
h? =12,5 ok, is estimated by the value 1,36 .10™*. The resulting

problem of reducing the probability of receiving a symbol with
p=1,25-10" an error to can be solved by implementing diver-

sity reception in HNST in combination with majority decoding
of demodulated symbols as part of a data block.

T-Comm Vol.I5. #6-2021
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In the considered HNST with a short baseline, from 4 to 8
channels for receiving navigation signals can be organized, as
which in the HNST it is proposed to use data signals. Having
several copies of the demodulated data signals received from the
outputs of the receivers, separated in space by tens of wave-
lengths, it is possible, by additionally processing the mentioned
copies of the demodulated signals, to make a decision on the
meaning of each of the symbols in the data block by the "majori-
ty of votes™ the equivalent average probability of receiving them
by mistake. The gain in noise immunity of data reception is
achieved by introducing hardware redundancy. The final equiva-
lent average probability of receiving one symbol withp —an

error is estimated by the value [19]:
_ (k-
™ kI(k =1)!

where k —is an integer, k =1, 2, 3, ...
(2k —1) = n - the number of diversity branches (number of

receivers) used in the system to receive measurement data;
p - the value of the equivalent average probability of erro-

neous reception of a symbol by one receiver.
Figure 2 shows the dependence of the final equivalent aver-
age error probability p_on the number of diversity branches

(the number of receivers used in the system) n for different val-
ues of the equivalent average error probability of receiving a
symbol by one receiver p.

The value of the final equivalent average probability of error
P, =1, 25.10°°, at which the required quality is ensured

(|:>B =10"*) the exchange of measurement data between the

AUV and the DM, is achieved at three times the space diversity
with an equivalent average probability of receiving a symbol

with an error p=2,04-10", which is 15 times greater than the

average probability of receiving binary symbols with an error by
a single receiver p =1,36 .107* with a minimum signal-to-noise

ratio in the channel h? =12,5 o5 .

In order to increase the noise immunity of data reception, it
seems expedient to additionally encode the transmitted blocks
with a correction code that detects errors. This allows on the
receiving side, after performing the majority decoding operation,
by checking the received data block for errors, to reduce the
probability of issuing invalid data for execution to a negligible
value. The selection of the appropriate correction code is shown
in figure 2.

The use of diversity reception in combination with majority
decoding of symbols for data reception allows for a current as-
sessment of the quality of the operation of the data exchange
channel between the AUV and the DM by counting corrected
errors based on a comparison of the output signals of the majori-
ty decoder of individual receivers used in the HNST. The num-
ber of corrected errors in the data block can be used as an indi-

rect measure of the signal-to-noise ratio h? in the hydroacoustic

channel to select a strategy for bringing the AUV to the docking
module.
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Fig. 2. Dependence of the final equivalent average error probability [
on the number of explode branchesn (1: p=10";2: p=5.10";

3 p=10°4p=5-10°5p=102;6:p=3.10% 7 p=5.102)

Choosing a signal system that implements the principles
HNST with ultrashort base antennas

The basic principles of the session exchange of measurement
data between the AUV and the DM do not depend on the type of
navigation system used in the GNSS. Therefore, it seems reason-
able to take as a basis when choosing a signal system for the im-
plementation of a combined information and navigation system
that implements the principles of HNST with an ultrashort base,
the signal system selected for constructing an HNST with a short
base, namely:

— de ermination of the slope distance is carried out by the "request-
response" system using the data signal as a navigation signal;

— data exchange of measurement of mutual navigation pa-
rameters between AUV and DM is carried out by the DPSM
method with a modulation rate of 4 kbit / s;

— he data signal consists of a header and a data block;

— in turn, the header consists of a number of numbered start
M-sequences, and diversity reception is used in combination
with majority decoding to receive the data block;

— de ermination of the angular navigation parameters is
carried out for the duration of the data block after the detection
of the starting M-sequence.

Therefore, it is necessary to assess the achievable accuracy of
measuring the propagation time of the acoustic signal between the
AUV and the DM and the qualitative parameters of data exchange
in the HNST with a signal-to-noise ratio of 8 dB. A signal-to-noise
ratio of 8 dB is considered as possible when operating in shallow
seas, at maximum distances between AUV and DM.

The expected value of the root-mean-square error in
measuring the propagation time of the acoustic signal between

the AUV and the DM based h? =8 95 on the relative value of
the step for correcting the position of the output signals
3, =0,01, o(t,) =185 ms of the STS §, =0,005, o(t,) is
equal to 13,1 ps. , which is equivalent to the error in determining
the slope distance AR = 0,028 » u AR =0,02 », and can be
considered quite acceptable [20].

Quantitative assessment of indicators of the data exchange
system between AUV and DM

It should be expected that a decrease in the signal-to-noise
ratio at the input of the receiving device to a value h?> =8 05

and, accordingly, an increase in the average probability of
receiving a symbol with an error p =4,3.107* to can lead to an

increase in the probability of the receiver skipping a data block
Pnpu, to an increase in the probability of receiving the number of

the starting M-sequence as part of the header with undetected
error P and an increase in the average final probability of

receiving a symbol with an error in the data frame Pow

As already noted, the reception of the data block begins after
the receiver detects at least one start M-sequence and the
corresponding code combination of the cyclic code (15.5) with
the sequence number of the M-sequence in the header. It is
assumed that the decision about the start of the data block is
made based on the detection by the receiver of one of the three
starting M-sequences, designated in the header by the numbers
"3", "4" and "5". If in all these starting M-sequences or the
corresponding code combinations of the cyclic code (15.5) with
their sequence numbers in the header, at least one symbol is
distorted under the influence of interference, then the data block
is skipped. You can write

P,. =[1—(1— p)L*”}M’Z.

Substituting the value of the average probability of receiving
a symbol with an error for the signal-to-interference ratio

h? =8 ok, we find that the probability of the receiver skipping

a data block when the starting sequence is repeated five times in
the header is estimated by the value Pnp .=0,39.

Taking into account that the signal-to-noise ratio increases
with a decrease in the slope distance R between the AUV and the
DM, according to a law approaching the dependence of the type
1/R?, it should be expected that as the AUV approaches the DM,
the value of the signal-to-noise ratio h? at the receiver input will
rapidly increase, and the probability the receiver skips the data
block F{Ipu decrease. However, given that data signals are used

in HNST as navigation signals, it seems necessary to increase the
number of retransmissions of start sequences in the header for
reliable data transmission. If it is required that at the maximum
slope distance between the AUV and the DM and the value of
the signal-to-noise ratio at the receiver input h?=8 o5, the

probability of data skipping P, Was of the order of magnitude

1072, then the number of retransmissions of the start sequences in
the M header must be at least 24. To obtain PHpu ~107 the

number of retransmissions start sequences in the M header should
be at least 16. It seems appropriate to improve the performance of
HNST to make the number of retransmissions of the start M-
sequences and the corresponding code combinations of the cyclic
code (15.5) variable depending on the value of the signal/noise
ratio or on the value h? associated with the estimate of the
probability of error received when receiving the data block.

The specified adaptation for changing channel parameters is
easy to implement if five start sequences are transmitted in the
header in the channel of satisfactory quality h? >12,5 905 and

numbered from "1", say, to "5". If the quality of the channel is
low, h? ~8 05 send 16 or 24 starting sequences as part of the

header and number them in the first case, numbers from "16" to
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"31", and in the second - numbers from "9" to "32". When a start
sequence is found in the header, its number is determined and the
duration of the time interval before the start of the data block is
calculated according to the rule:

B 30-(5-m)-T,, nmpu m<5,
" 130-(82-m)-T,, npu m=>9.

The quality of the exchange between the AUV and the DM of
the navigation performance measurement data can be improved
by using diversity reception in combination with majority
decoding of the demodulated symbols. In the considered HNST
with an ultrashort base, a five-fold diversity reception can be
organized, which, in combination with majority decoding,

allows, when operating at maximum distances, at h? =8 95, to

reduce the equivalent average probability of receiving a symbol
with an error in the data blocktop  ~8-107.

It seems expedient to use the cyclic Bose — Chowdhury —
Hockwengham code (n,k)=(224,200) with a generating

polynomial to encode data blocks
g(x)=x*+xZ + x? + x° + X" + x> + x' +1 [21].

The specified code has a coding distance d =6, can be
guaranteed to detect fivefold errors t =5, correct double

errors. The multiplicity of the corrected errors by the correcting
code is equal to tump =(d —1)/2; in our case tmp =2. This

means that the multiplicity errors will not be corrected t >3 in
the block distorted by noise. With an independent nature of
errors, the probability of occurrence in the data block of errors

with multiplicity t >3 for does h? =8 05 not exceed 0.014.

When organizing sevenfold diversity reception, the final
probability of receiving a symbol with an error in the data block

is reduced to a value p =12 .10, respectively, the
probability of issuing a data block to the consumer with an error
is reduced to a value 3,1-10°°.

Conclusion

The analysis performed allows us to draw the following
conclusions. In a combined information and navigation system, it
is advisable:

— 0 use as navigation data signals, which are exchanged by
AUV and DM based on the results of mutual measurement of
navigation parameters;

—to ¢ rry out data exchange between AUV and DM using the
DPSM method at a rate of V = 4 kbit /s;

— use he sequence of the header and the data block as the
data signal transmitted in the channel,

—a ply a header consisting of a number of repeating starting
15-bit M-sequences and their corresponding numbers transmitted
by the correcting block cyclic code (15.5);

— hange in the header the number of starting 15-bit
M-sequences and their corresponding numbers, depending on the
quality of the channel,;

— o transfer the data block using the correcting block cyclic
code (224, 200);

— apply div rsity reception in combination with majority
decoding of symbols to receive a data block, then correct errors
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in the data block using a code, and accompany the data output to
the user with a sign of detection of an error code in the block.
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BbIBOP CUITHAJOB AN1A TMAPOAKYCTUYECKON HABUTALLUOHHOW CUCTEMbI MPUBEJEHUA
noaBoAHOro ArirnAPATA K CTbIKOBOYHOMY MOAYIJIIO

@ununnoe Bopuc Meanosu4, Hoeocubupckuii 20cydapcmeerHbili mexHuyeckuti yHugepcumem, Hoeocubupck, Poccus,
filippov-boris@rambler.ru

AHHOTauuA

[Npennaraeman pabota sBnAeTca nepBoi YacTbio obLei paboTbl No pa3paboTke CTPYKTYpbl MMAPOAKYCTUHECKOW HaBUraLlMOHHOW CUCTe-
mbl npuseaenus (THCI) asToHoMHoro nogeogHoro annapara (AlA) k cTeikoBoyHoMy Mogynto (CM). Bropas (3akntountenbHas) YacTb
Oynet onybnukoBaHa B cnefytolleM HoMepe xypHana. Llenbio aToit paboTbi ABnseTca BbiGop curHanoe Ana noctpoenunsa MHCIT, obecne-
YMBAIOLLEN NMPUBEAEHUE B DNMXKHEN 30He Ha AUCTaHuMAX, He npesbiwatowmx 300 M, ATA u ero cTbikoBky ¢ HocuteneM. [na yero ocy-
LLIeCTB/IAETCA B3aUMHOE OMpeAeneHne AUCTaHuum u yrnoeoro nonoxenus CM nocutens un AlNA oTHocutensHo apyr apyra. Onpegene-
H1e B3aMMHbIX YITIOBbIX KOOPAMHAT ocyljecTBAercs ¢ ucnonb3obanneM MHCIT ¢ kopoTkoit 1 ynbTpakopoTtkoit 6asoi. C Touku 3peHus
MpOCTOTbI NpeAnoYTUTENsHOM Ana peanusaumn aenaetca FTHCIT ¢ kopoTkoii 6asoit. Ho ee yctaHoeka Ha AlA MoxeT okasaTbcA HeBO3-
MOXXHOW 13-32 OTHOCUTENbHO MaibiX pa3MepoB annaparta, 1 Ha AlNA pgomkHa ycranasnmeatbea THCIT ¢ ynbTpakopotkoi 6asoin. THCI ¢
KOPOTKOM 6230 MOXET ObITb YCTAHOBNEHA Ha CTbIKOBOYHOM Moayne. [ockonbky HET OCHOBaHWI MpeAnonaratb BbICOKYIO CKOPOCTb U3-
MeHeHMA $a3oBOM XapaKTEPUCTUKM pa3pabaTbiBaeMOro BbICOKOYACTOTHOrO KaHasa NpuMBeAeHUs, No3TOMy MHTEpBas CTalMOHApHOCTU ¢a-
30BOV XapaKTEPUCTUKU JOMKEH ObITb Cyll|eCTBEHHO Gonblue A/IUTENLHOCTM CUMBOMA Ha CKOpOCTU nepefayn 4 kbut/c, To npeacrasnser-
cA LenecoobpasHbIM OCyLLecTBNATL OB6MeH AaHHbIMU n3Mepenuit Mexxay AlNA n CM B coctase THCI1 MeTogoM ANCKpeTHOM OTHOCUTESb-
Hoi dasosom Moaynaumm (JOPM). [NpuemM curHanos ocyLecTBAATL Cyb6oNTUMaNbHbIM HEKOr€PEHTHbIM NMPUEMHUKOM, Ha BXOAE KOTOPO-
ro oCyLecTBNAeTCA ryboKoe orpaHuyeHne BXOAHOrO curHana. [1okasaHo, 4TO B COBMELLEHHOW MH(POPMALMOHHO-HABUrALIMOHHOW cuc-
TeMe LienecoobpasHo: NPUMEHUTb B Ka4eCTBE HABUIALMOHHBIX CUrHasbl AaHHbIX, KOTOpbiMK obMeHuBatoTca AlNMA n CM no pesynbratam
B3aMMHOrO U3MepeHUA HaBUraLMOHHbIX NMapaMeTPOB; OCYLLECTBNIATL 0bMeH AaHHbiMU Mexay AlNA n CM metogom JO®PM co ckopocTbio
V = 4 kbuT/c; nepegayy 6noka AaHHbIX OCYLLECTBATbL C NMPUMEHEHWEM KOPPEKTUPYHOLLIEro 6104HOro LuKmyeckoro koaa (224,200); npu-
MEHWUTb [N1A NpueMa 6510Ka AaHHbIX Pa3HECEHHbIV MPUEM B COYETaHUM C MOKOPUTAPHBIM JeKOAWPOBaHMEM CUMBOJIOB, MOCJIE YEro UCMpaB-
NATb OLUMGKM B B1OKe AaHHBIX C MOMOLLLIO KOZA, M COMPOBOXAATh Bbiady JaHHbIX MOJb30BATESNIO MPU3HAKOM OBHapy»eHWA KOAO0M OLLU-
60k B Gnoke.

Kniouyeeble cnoea: 2udpoakycmuyeckas HagU2aUUOHHAA CUCMEMA npueedeHUs, a8MOHOMHbIU Nod80dHbIU annapam, CMbIKO8OYHbILU MOOYJlb,

HAeuU2aUUOHHbIE napamempesl.
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