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MOJAEJINPOBAHUE PACITPOCTPAHEHUA CJIOKHO MOIYJINPOBAHHOTIO
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WccnenoBaHbl XapaKTePUCTUKU PACTIPOCTPAHSIIONIETOCs B BOJIE CBETOBOIO UMITYJIbCA, MOAYIMPOBAHHOTO PAMOCUT-
HaJIOM C JIMHEIHO M3MEHSIIOIIeCsl BO BpeMEHM YacTOTOM. AHAJIM3 BBITIOJTHEH HAa OCHOBE CTATUCTHMUYECKOTO MOMETMPOBa-
HUS UMITYJIbCHBIX M YaCTOTHBIX XapaKTePUCTUK CUTHAIA U aHAJTUTUYECKOTO MPEACTaBICHNS CUTHAIA B BUE UMITYJIbCa,
omnuchIBaeMoro ¢yHKIuei [aycca ¢ BHyTpUUMITYIbCHOM Momysiiiveit. OlieHeHbl U3MEHEHMST BpeMeH! TTpUXoaa U TN -
TEJIbHOCTH OrMOaloIIeii MMITYJIbCa, BbI3BAHHBIE pa30p0ocoM (POTOHOB I10 My TSIM MTpoOeTra Mpu PACCTOSTHUSIX MEXKIY UCTOU-
HUKOM U TIPUEMHMKOM IO YeThIpeX TYOMH BMIMMOCTH Oejoro naucka. [TokazaHo, 4TO 3TH M3MEHEHMSI MOTYT UMETh
pa3Hble 3HaKW B 3aBUCMMOCTH OT YaCTOTHOTI'O IMara3oHa MOMYJ/ISILMU. BbIMOIHEHO cpaBHEHUE BpEMEH Mpuxoaa 1 -
TEJIbHOCTU UMITYJIbCA C MEHSIIOIIEIICsl BO BpeMEHU YaCTOTOI M MMITYJTbCa ITOCJIe COITTaCOBAaHHON 00pabOTKKM — CBEPTKHU C
Komnuei Mmoaynupytouiero curHaia. [lokazaHo, 4To B MCCIEA0BAHHOM Mana30He U3MEHEHUS TapaMeTpPOB MHOTOKpAT-
HOE paccessHre He TPETSITCTBYET CKATUIO CJIOKHOTO CUTHAJIA TIPU €r0 COIIacCOBaHHOM 00paboTKe.

Kumiouessbie cioBa: moaBopHas ONTUYECKAs! CBSI3b, CJIOXHBIE CUTHAJIBI, BOJTHBI (POTOHHOMW TUIOTHOCTH, BpeMEHHast
JMcrepcus, coriacoBaHHas oopadoTka, MoHnTe-Kapino moaenvpoBaHue.
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The characteristics of a light pulse propagating in water modulated by a radio signal with a frequency varying linearly
with time are investigated. The analysis is based on statistical modeling of the pulse and frequency characteristics of the
signal and the analytical representation of the signal as a pulsedescribed by a Gaussian function with intrapulse modulation.
Changes in the arrival time and the pulse envelope duration caused by the photon pathlength dispersion at distances between
the source and receiver up to four white disk visibility depths are estimated. It is shown that these changes may have different
signs depending on the modulation frequency range . A comparison was made between arrival times and durations of the
pulse with a time-varying frequency and the pulse after matched processing consisting in convolution with the original
modulating signal. It is shown that in the investigated range of parameter changes, multiple scattering does not prevent the
compression of a complex signal when it is matched processing.

Key words: underwater optical communication, complex signals, photon density waves, temporal dispersion, matched
processing, Monte Carlo simulation.

Multiple scattering of light in water is an essential factor of the spatio-temporal structure formation of the
light field from artificial sources. This factor, along with the absorption of light in water, limits the resolution and
range of underwater vision systems and the range of communication through an optical underwater (wireless)
channel. In addition to the energy attenuation of the signal during its propagation from the radiation source
(transmitter) to the receiver, multiple scattering due to the spread of photons along the paths leads to distortion
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of its shape and an additional delay due the photon pathlength dispersion. These effects are most noticeable for
typical signal variation times, comparable with the time of mean free path of photons in water, and can limit the
information transfer speed even at relatively short distances. An estimate of their magnitude can be performed
by having a numerical or analytical representation of the pulse transfer function for the system “emitter —
water (signal propagation path) — receiver”. Obviously, the transfer function must comprise the characteristics
of modulation and demodulation of the emitted and received signal. An alternative approach to the system
description can be based on the use of complex frequency response. This characteristic directly describes the
complex transfer coefficient when modulating a continuous radiation source by a harmonic signal of a given
frequency and can be used to calculate the transmission coefficients of signals with any given modulation
(as does a pulse transition function). Temporal dispersion caused by photon multiple scattering leads to the
frequency dependence of the attenuation coefficient of the harmonics that form the signal. In addition, phase
distortions of the signal arise due to the frequency dependence of the phase and group velocities of photon
density waves corresponding to these spectral harmonics. The effect of multiple scattering on the properties
of the variable component of the optical field at high modulation frequencies (the so-called photon density
wave) in various analytical approximations and based on statistical Monte Carlo simulation was discussed in
[1—17]. An experimental study of this problem is presented in a list of research [18—22]. At the same time, the
properties of light fields excited in a scattering medium by sources, which power is modulated by complex high-
frequency signals, have not been practically studied. An exception is a study [23], in which, based on the Monte
Carlo method and an approximate analytical description, the properties of a lidar signal with linear frequency
modulation were investigated. The present work aims at revealing the features of the complex modulated signals
propagation in seawater as applied to an underwater (wireless) optical communication channel. Based on the
signal model proposed in [23], changes’ estimates of the signal arrival time and its duration due to multiple light
scattering in water are obtained.

1. The problem formulation and description of the model

We assume that the radiation source has infinitely small spatial-angular dimensions and its radiance can be
written in the form:

Lg(z=0,n,0)=5(r )8(n—zy) P (1), (1)

where z and r, are coordinates describing the position of a point in space, n is a unit vector describing the
direction of the beam, 7 is time, § is the delta function for the corresponding variables, z is a unit vector in the
z axis direction of the Cartesian coordinate system, function Py (t) describes the change in time of the radiation
power and is normalized: j P (t)dt =W , where Wis a total pulse energy. We also assume that the receiver has

a circular aperture located on the axis of the initial radiation beam with coordinates r, =0, z and its direction
pattern that is isotropic in a hemisphere facing the radiation source. Then the radiation power supplied to the
photodetector can be expresses as:

Py (t)=[[ E(r .z t)dr,, )

where >
E(rl,z,t): H L(r,,z,n,t)(nz,)dn 3)

n,20

represents the spatial-temporal distribution of the irradiation created by the source (1) over a plane surface

Z=const , n, is a vector n projection on the axis z and L(r ,z,n,?) is a field radiance in the medium. Further

Z
we introduce the spectral representations of functions P r():

P p(®) =2—17t [ Ps g (1) exp(—ioot)dt (4)

Due to the linearity of the problem, the relation:
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Pp(0,2)=F)(0)F,(o,2), )

where Fy (©) describes the spectral composition of the emitted signal, and F, (o,z) there is a complex
transfer coeflicient of the spectral harmonic of the frequency w from the emitter to the receiver with spatial-

angular characteristics specified (1) and (2), (3). Further, it is convenient to present the function FAE) (co) asa

sum Fy (o) =F ((o)+FSO (®), where the first and second terms correspond to the low-frequency and high-
frequency parts of the spectrum, respectively. Suppose that after the photodetector in the receiving path, the
high-frequency component of the signal is filtered and processed further. Then, to calculate the spectral power

of the high-frequency part of the photocathode normalized signal ﬁ; (co, z), equation (5) assumes the form:

Py (0.2)= F (o) F, (0.2) F{ (o). (©)

where F, ,‘3 (0)) is a frequency response of the processing path of the high-frequency part of the signal. Suppose
that the receiving path provides processing consistent with the signal modulating the emitted light pulse. With
this processing, with the accuracy of the constant coefficients

2

R (0)=(F (o)) and F2(0) 7 (0)=| 2 (0)]

Complex frequency transfer coeflicient F, (oa,z) can be calculated based on the results of Monte Carlo
simulations of the pulse transfer function for the source power set in the form of a delta function in time and
the subsequent fast Fourier transform. This modeling approach, as applied to the calculation of the pulsed and

frequency characteristics of a light beam in seawater, was described in [19]. Presenting the function Fg (m) as
required, this approach allows calculation of the characteristics of complex signals.

To evaluate the nature and magnitude of the effects caused by the photon pathlength dispertion in water
and its effect on the characteristics of the radiation reaching the receiver, we specify the form of the pulses,
restricting ourselves to intrapulse modulation with a linearly varying frequency of the modulating signal. Let the
radiation source generate a Gaussian pulse with a mean square duration #,. The power of this pulse is given by
the formula:

2
Py(1)= exp[—;—2](1 +m-cos(ey +B)t) )

/4
221

where m is a modulation depth, m, is a modulation frequency center, {3 is a rate of frequency change. from (4)
and (7) follows the expression for the emitted signal spectrum in the positive frequencies range:

2.
F{ (o) :%(exp[—%j + ”\1/(%0 exp(—(m—wo )2 alt? )J : ()

Here o} :(2(1—1'3))71, and B=t,Aw=2B1} is a modulating signal base, and Aw=2B1, is an effective
bandwidth of the modulation. The second term in (8) describes the high-frequency component of the emitted

pulse (function Fg (03)), which must be distinguished during signal processing. Therefore, expression (6) for the
signal power spectrum after matching processing can be represented as:

2.2
— A (m—mo) f
Py (0,7)= - F,(,7). 9
2 (©,2) = =exp T (0,2) €)]

Coeflicient A, to reduce the recording, includes constant factors characterizing the level of radiation and
parameters of the receiving system that are not essential for the problem under consideration.
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From (9) it follows the known in radio and sonar detection fact that the problem of the propagation of a
pulse modulated by a high-frequency signal with a linearly varying frequency is reduced to the problem of the
pulse propagation modulated by a harmonic signal with a frequency , , and duration inversely proportional to
the original complex signal base (for B>>1). Further, to simplify the analysis and following [23], an approximate
representation of the frequency transfer coefficient is used:

By (m,z)=®(m,z)exp(—i%+i(p(co,z)j R (10)

c
cp(w,z)=¢(mo,z)+<p'(w—wo)%cp"(w—mo)z, (11)
D(w,7)= (D((oo,z)exp(‘l"((o—ooo)+%qﬂ'(m—m0 )2j . (12)

The following notation were introduced in (10)—(12): ®(,z) :|FW (co,z)|, ¢(w,z) is an additive to the

geometric phase incursion due to multiple scattering in water, c is the speed of light in water,

W 0(In(®(w,2))) 2 (In(®(w,2)))|
) d - o0’

O=0 ‘0.):0)0

"
b

;o 0p(m, . 0 o,z

2
00 |y, o

. Of course, the

b

0=

possibility of using expansion (11), (12) is very limited, therefore, for specific estimates, it is necessary to control
the fulfillment of inequations:

" p2 " n2
V'8 2<<1,(Pl§ <. (13)
2In(D(w,2)) 15 W

In view of (10)—(12), expression (9) assumes the form:

Py (m,z):%exp({%’ —fjwy’}(m—%)—% (0-0p )2], (14)

G W+ig
+ B? 2
for the time dependence of the shape of the high-frequency component of the pulse detected by the receiving
system directly follows from (14):

where Q) =

, @, isthe additional phase delay due to multiple scattering in water. The expression

2

AR
AD(z,00)Vr | [““b PR ”j

=————=——exXp| 0yl -

P(1,2) ’7Q0(1+32) 40,

Considering the approximations used, formulas (14), (15) exhaustively describe the spectral composition
and time characteristics of a pulse for given characteristics of the propagation path and the properties of the

(15)

emitter and receiver. Function CD(z, coo) describes the attenuation of the signal, while its derivatives represent
changes in the arrival time and pulse width caused by multiple scattering. From (15), we can obtain expressions
for the averagearrival time of the center of gravity of the envelope of the high-frequency component:

T=3g, ¢ IMO)Y (16)
Cc

Re(Q))
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The third term in (16) results from the frequency dependence of the signal attenuation. When the emitted
signal base is equal to or close to zero, its value is negligible. From (15), also follows the expression for the mean
square duration of the envelope of the echo signal that has undergone matched processing:

\/ATOz :\/2(ReQ0‘1 )71 : (17)

Additionally, note that similar parameters of the high-frequency component of the pulse arriving at the
photodetector (which did not undergo the matched processing) are also described by formulas (16), (17), but
with the replacement of the parameter Q, with Q; :

tg ¥ +iq"

Q1:2(1+iB)_ 2 (18)

The estimation of the pulse parameters that are not collapsed with the standard pulse can be of independent
interest, both in a range of applications and for a clear understanding of the physical phenomena that affect the
propagation of signals with a finite modulation band.

2. Monte Carlo simulation and frequency transfer coefficient

For the impulse transfer function simulation, the original code was used, in which the indicatrix of seawater
scattering is integrated. The technique and modeling features are described in [15—17]. As a modeling result and
for further spectral dependences calculations we used the ratio:

E(ry,2.) .

K(rOL,z,tk): w

Function K (1'0 1>%, tk) represents the transfer coefficient of energy transferred through the area AS during

the time interval (#, 1, +At), 1, is the current time, E(ry,,z,t)= J'J' E(r ,z,t)dr, ry, determines the position
AS

of the receiving aperture relative to the axis of the beam. Here, with a few exceptions, we restrict ourselves to the

case when the center of the circular receiving aperture with radius R is situated on the axis.

In terms of the Monte Carlo technique, the coefficient K (1'0 L,z,tk) represents the ratio of the number of

photons intercepted by the aperture AS =nR? during Az, to the number of photons released at a pointr = 0 at
time 7 = 0 in the direction n, = 1. For optical communication channel applications, it can be interpreted as a
pulsed transfer function (pulsed transfer coefficient) for the spatial and angular characteristics of the source and

receiver specified above. Applying to the function K (r0 yan ) fast Fourier transform procedure over a discrete
variable #,, the complex frequency transfer coefficient of the water layer between the source and receiver can be

calculated, as a function of the discrete frequency: Fy, (oon , z).

The function K(xy,,z, ) and F, (o,,z) behavior with increasing distance between the source and the
receiver was studied in detail in [17]. For the purposes of this work, optical distances at which a noticeable
effect of time dispersion on the structure of complex modulated signals can be expected are of the greatest
interest. As preliminary estimates show, significant changes in the duration of the high-frequency component
of the modulated pulse occur, starting from distances exceeding 1.5z — 275 (75 — Secchi depth). On the other
hand, distances exceeding 5z5 — 625, become unavailable for Monte Carlo modeling, because they require too

much computing resources. (Note that for the function K (r0 1535 tk) modeling for one of the possible problem
parameters’ combinations up to 1012 photons were used). Therefore, here, we confine ourselves to a range of
distances from 45 to120 meters with a fixed set of optical water characteristics. The properties of the medium
were set by the magnitude of the primary optical characteristics, namely, scattering coefficient, true absorption
coefficient, and scattering indicatrix. A typical marine scattering indicatrix was used in the calculations. X(0),
obtained by Yu.E. Ochakovsky (quoted by [24]) and extrapolated to the angles 0° and 180° (fig. 1). The mean
scattering cosine of the indicatrix is 0.931.

70



MoaenupoBaHue pacpOCTPAHEHHUS CJIOKHO MOAYIMPOBAHHOTO CBETOBOIO UMITYJIbCA B MOPCKOIi BOJie

The values of the scattering and absorption coefficients of water
were set equal to 0.16 1/m and 0.04 1/m, which corresponds to a photon
survival probability of 0.8.

The time-averaging interval was 10—!! s. Fig. 2 and 3 present the

functions calculated based on statistical modeling K (ro yan ) and fast

Fourier transform frequency dependencies of functions In(®(f,z))

and (p(f,z), where f= (27:)71 o . The inlay to fig. 2 shows the distance

dependence of the function ln(¢>( f=0, z)) under the normalization

condition ®(f =0,z)= _[ K(rOl,z,t)dt. Note that under this condition
—00
the function Fy, ( /s z) means a complex transfer coefficient with a
stationary source modulated by a harmonic signal with a frequency f.
As follows from the form of the plots, the greatest dependence of the
decrement of the photon density waves on the frequency is observed at
frequencies greater than 107 Hz, moreover, the greater the distance z, the
stronger is this dependence. A similar character is observed for the phase
(dispersion) characteristics of these waves.

1x104 T T T

1x103F —

100

10

X(6)

0.1

0.01 . . .

Fig. 1. Scattering phase function.

Puc. 1. Unuaukarpuca paccesiHust
MOPCKOI BOJIBI.

At frequencies greater than 10° Hz, the decrement is determined mainly by the unscattered component of
the radiation (ballistic photons) and practically does not depend on the frequency, and an additional phase delay

(p( f ,z) tends to zero. Therefore, specifically in the range of modulation frequencies 10’—10° Hz a change in
the structure of the pulse with broadband modulation is expected. In this context, the region of frequencies
and distances at which the attenuation and phase delay reach a maximum corresponding to a minimum in the
frequency characteristics is of particular interest, see fig. 2 and fig. 3. The formation of this minimum, as shown
in [17], is associated with the splitting of the pulse transfer function on the beam axis and the appearance of
the second maximum pulse formed by multiple scattering lagging behind the head (determined by ballistic

0

oL _
~
= -8
Il
3 —10
= -4 —12F _
1 —14F
ne
S 16}
S
£ p —18F

61 5 -

40
Z, m
-8 ] ] ] ]
106 107 108 10° 1010 10

f, Hz

Fig. 2. Frequency response ® ( f, z) at different distances z between the source and receiver (numbers at the curves in meters).

Puc. 2. AMIUIMTYIHO-4aCTOTHAsl XapaKTepUCTHKA <1>( S/ ,z) MPU Pa3IMYHBIX PACCTOSIHUSIX Z MEXIY WCTOYHUKOM
U TIPUEMHUKOM (LIMGPBI Y KPUBBIX B METPax).
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Fig. 4. Frequency and phase responses at a distance of 90
m from the source by 7,, =0.25m (solid and dashed curve,
respectively).

Fig. 3. Phase response ¢(f,z) at different distances
between the source and receiver z (numbers at the
curves in meters).

Puc. 4. AMIUIMTYIHO-YacTOTHBIE M (DA30BO-YACTOT-
HbIe XapaKTepUCTUKHU MpU ry, =0.25M Ha pacCTOSTHUMN
90 M OT MCTOYHUMKA (CTJIOIIHAS U MYHKTUPHAsl KpUBast
COOTBETCTBEHHO).

Puc. 3. ®a3oBo-yacToTHasT XapaKTepUCTUKA (p( f, Z)
TPY Pa3TUIHBIX PACCTOSHUSX MEXITY UCTOYHUKOM U
MPUEMHUKOM Z (TPl Y KPUBBIX B METPax).

photons). As will be shown below, this effect can lead to a change in the signs of “delay” and a relative change
in the duration of the high-frequency component of the modulated pulse.

It should be emphasized once again that the data shown in fig. 2 and 3, refer to the case of the receiver
location strictly on the axis of the beam. in the case of its displacement, when the ballistic photons do not fall
on the receiving aperture and do not participate in the formation of the signal, the frequency response takes
on a qualitatively different form. As an example, we give here the amplitude-frequency and phase-frequency

characteristics when the center of the receiving aperture is displaced by a distance 7y, =0.25m from the beam
axis at a 90 m distance from the emitter (fig. 3).

3. Impulse delay

Further, the change in the arrival time of the pulse associated with multiple scattering At=7 -7 /c is
estimated. For clarity, the parameters of the initial pulse are set: its duration and the deviation of the modulating
signal. Let the base of the modulating signal B be equal to ten, and the pulse duration determined by the value

of the central modulation frequency be 7, =10/ f,. We also introduce the relative change in the arrival time

5t=At /t,. This parameter calculation results for a pulse that has not undergone matched processing and a
compressed pulse is shown in fig. 5 and 6.

Note the main features of the parameter 5t variability. As expected, its greatest variability is observed in the
frequency range with maximum dispersion. Deviations of this parameter from zero increase with increasing z,

which is also to be expected. Non-trivial is negative 8t in a certain range of modulation frequencies. This fact
was noted earlier in the study of the dispersion properties of photon density waves in the case of the self-similar
approximation [14] and is explained by the redistribution of the modulation depth inside the pulse as it propagates
deep into the medium. Spectral harmonics with lower frequencies are attenuated less than high-frequency ones,
therefore the center of gravity of the envelope of the pulse variable component is shifted towards the front edge.
The effect is reversed in the region of large distances and frequencies, where the amplitude-frequency
characteristic has a minimum. Note that when the sign of § changes, graphs of fig. 5 are inverted relative to the

value &7 = 0, which confirms the nature of the negative parameter values 5t . As can be seen from fig. 5, negative

value 8¢ can reach half the pulse duration even with a relatively small bandwidth of the modulating signal. The
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Fig. 5. The relative change of the arrival time of an Fig. 6. The same as in fig. 4 for a pulse after
unprocessed pulse versus of the center modulation matched processing
frequency at different distances between the source and (i.e. for a compressed pulse).
receiver (numbers on the curves).
Puc. 6. To xe, yTo 1 Ha puc. 4 mid
Puc. 5. OTHOCUTeIbHOE M3MEHEHNE BpeMEHU Mpuxoma HMMITYJIbCa TTOCJIe COITaCOBaHHOM 00pabOTKN
He 00paboTaHHOro MMMY/Ibca KaK (PYHKIWS LIEeHTpaslb- (T.€. ISl CKATOTO UMITYJIbCA).

HOI YaCTOThI MOAYJISILIMU TIPU Pa3TUIHBIX PACCTOSTHUSIX
MeXIY KICTOUHUKOM UM MPUEMHUKOM (LIM(DPBI Y KPUBBIX).

advance towards broadband modulation, where B >> 10, for distances z>75, considering the accepted
approximations, is not possible due to violations of conditions (13). Frequency dependence of the parameter 5t

, calculated similarly for a compressed pulse, is presented in fig. 6. The changes in absolute value 8t in the
studied region of the problem parameters, are significantly lower than for the unprocessed pulse. As for the
dependence of the value on the central modulation frequency, it is, ultimately, also related to the finite width of

the compressed pulse Af = (’0 )_1 J1+ B? and, as a result, to the frequency dependence of the attenuation
coeflicient and the phase of spectral harmonics.
Similar relationships between the delay values of these pulses’ types are observed when the receiver is shifted

from the beam axis. Fig. 7 shows the frequency dependence of the relative delay 5t , calculated for a combination
of parameters fig. 4. Also, note a qualitative difference from the plots in fig. 5 and 6, which manifests itself in the

0.03 T T T [ —
_ - ot
ot X

0.02 -4 -0.1

0.01 —-1-0.2

0 —4-0.3
—0.01 -4 -04
—0.02 | l ] -0.5

107 108 109 1010 101
Jo, Hz

Fig. 7. Relative change of the arrival time of a compressed (solid curve, left ordinate axis) and not processed pulse (dashed
line, right ordinate axis) versus of the central modulation frequency at z=90 m and 7y, =0.25 m.

Puc. 7. OTHOCHUTE/IbHOE U3MEHEHKE BpEMEHH MPUXO0/Ia CKATOro (CIUIOLIHASI KpUBast, JIeBast OCb OPAMHAT) U He 00paboTaHHO-
TO VIMITYJThca (TTYHKTHUD, TIPaBast OCh OPIUHAT) KaK (PYHKIIMS IIEHTPATBHOM YaCTOTHI MOTYJISIIUY TIpH £ =90 M U ry; =0.25 M.
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signal only by scattered (non-ballistic) photons.

absence of asymptotics at high values of the modulation frequency, which is associated with the formation of the
4. Change the pulse width

Let us introduce the normalized signal durations, At =

a1y? (14 B?)

dl

t

presented in fig. 8. The greatest variability is experienced by signals in the frequency range from 103—10° Hz. In
1.6

ATO

, where At02 is set by
0
AT]

17
(17), and At12 by the same equation with the replacement from Q,to Q,, corresponding to an unprocessed pulse
1.4

IvE
5 ATI =
0
Frequency dependences of normalized signal durations for the same set of parameters as for fig. 5 and 6 are

110

0.8

0.6
108

Fig. 8. Changes in the signal versus function of the central modulation frequency at different distances between the source
dashed curves — for raw pulses.

and receiver (numbers on the curves). The solid curves were calculated for pulses that underwent matched processing, and

T
AT]

T
1.05

Puc. 8. ameHeHMe IIMTEIbHOCTY CUTHAIA KaK (1)yHKL[I/IH L[CHTpaJIbHOﬁ YaCTOTbI MOAYJIALIMU ITPU Ppa3JIMYHBIX paCCTOA-
HHUAX MEKAY UCTOYHUKOM U IIPUEMHUKOM (L[I/IC]JDBI y KpI/IBbIX). CIutonrHeie KPHUBBIC paCCUYMTAHbI IJIsd UMITYJIbCOB, ITPO-
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Fig. 9. The relative change of the duration of the compressed (solid curves) and non-processed pulse (dashed line) versus a
function of the center modulation frequency at z =90 m, 7, =0.25 m and various base values.

Puc. 9. OTHOCUTEeIbHOE M3MEHEHUE IJIUTCIIBHOCTU CXATOTO (cnaouiHvle Kpueble) U He 00pabOTaHHOrO MMITyJbca

(nynkmup) Kax GyHKUMS LEHTPATbHOMN YaCTOThl MOAYISLMU TIpU £ =90 M, 7y, =0.25 M 1 pa3IUUHbBIX 3HAUEHUSIX Oa3bl.
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most of this range, a signal that has undergone matched processing undergoes additional compression, while an
unprocessed signal undergoes additional broadening. As follows from fig. 8, the role of these effects increases
with distance z. Noteworthy is the fact that the sign of these changes at the edges of the range changes. Such a
nontrivial behavior of the frequency dependences of the pulse duration change under the effect of multiple

scattering is apparently caused by a specific form of the frequency characteristic £, (f ) z) and, asa consequence,
by the difference in attenuation and by phase delays of the spectral harmonics that form the signal.

Qualitatively different frequency dependencies of the parameters At, and At can be expected when the
receiver is shifted away from the beam axis. This is primarily due to the expansion of the region of significant

change of function Fy, ( f ,z) towards high frequencies and the type of phase-frequency characteristic (in
particular, the appearance of a second minimum in an additional phase delay). As a result, the second region
of a noticeable change in the pulse duration is formed, shifted toward the maximum limits for the modulation

frequencies modeling. Fig. 9 shows parameter changes At, and Art, for the same conditions as for fig. 7, for
various base values of the modulating signal.

5. Conclusion

The presented analysis was performed for a very limited, although typical set of parameters describing the
propagation path of optical pulses underwater and modulation/demodulation approaches. Therefore, it can
serve only as an example and the basis of a relatively simple estimation of possible distortions of transmitted
signals caused by multiple scattering. Nevertheless, these results can be extended to other combinations of
scattering and absorption water parameters with the same probability of photon survival and the same scattering
phase function. In that case, the scales of spatial, temporal, and frequency variables should be changed following
the principle of physical similarity.

The main conclusion that can be drawn from the obtained results is that scattering in water practically
does not impede the matched processing of complex signals, at least in the studied range of distances and
modulation bands. This result is not entirely trivial since multiple scattering in water can significantly distort the
initial phase, and amplitude ratios of harmonics forming a complex signal. In this regard, it seems important
in the future to expand the limits of the resented approximations and evaluate the possible distortions of the
transmitted signals with a significantly larger modulation band (B >> 1) and in media with a different degree of
scattering anisotropy.
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