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Time Statistics of Propagation over the Ocean
Surface: A Numerical Study

Baran U. Ungan and Joel T. Johnsdfember, IEEE

Abstract—Temporal evolution of the ocean surface affects the z
received signal characteristics in a shipboard communication Ce® By
system. Predicting these time-varying properties is important in N _',Ed,. [
studying multipath fading problems. A statistical channel descrip- LY —— S _E_s;_v,::;;«—
tion to the second order is provided by knowledge of the coherent T e o 7Es

and incoherent power levels as well as the power spectrum of 10m
the received field. Several other time-dependent properties of |
a Gaussian channel can be determined from these statistics. In
this paper, a method of moments (MoM) model for propagation  10m
over a one-dimensional (1-D) time-evolving, perfectly conducting |
rough surface is applied to numerically study time statistics of
propagation over the ocean. The ocean surface is described by

a Pierson-Moskowitz spectrum and evolves in time according Fig. 1. Geometry of the propagation problem.
to a linear hydrodynamic dispersion relation. Due to the large

size of propagation geometries in terms of the electromagnetic 55, ximations are required in their derivation and therefore
wavelength, an efficient numerical method is required to complete

the simulation in a reasonable time. The recently developed limit thelrappllc_ablhty. Due to the limitations of the analytical
forward—backward method with a novel spectral acceleration Models, numerical techniques have been developed for the
(F-B/NSA) technique is applied and enables time-evolving simu- solution of the propagation over the ocean problem. However,
lations for many realizations to be calculated so that reasonable typical profiles for microwave propagation over the ocean
statistics are obtained. Numerically obtained results for the co- surface involve distances on the order of tens or hundreds

herent and the incoherent powers are illustrated. These results are fth ds of | h ting the t it d
compared with available analytical approximations to investigate of thousands of wavelengtns separating the transmitling an

the success of the approximate methods. Particular emphasis isféceiving antennas. Such scattering geometries in terms of a
placed on comparison with the Kirchhoff approximation, which wavelength are usually considered too large for exact numer-
provides reasonable predictions for smoother surface profiles and jcal methods. Moreover, simulations of propagation over a
larger grazing angles. time-varying ocean surface require repeated solutions of the
Index Terms—Electromagnetic propagation, rough surface scat- scattering problem. Fortunately, efficient numerical techniques

1 =24576km=8192)

tering, sea surface scattering. for rough surface scattering that allow propagation simulations
for these size profiles to be performed [7]-[14] have recently
I. INTRODUCTION been developed. One approximate technique, the parabolic

_ _ ‘wave equation method (PWE) [13], [14] is highly efficient for
A TEMPORALLY varying ocean surface imposes certaiyopagation studies and can include atmospheric effects such as
_properties on the transmitted signal in a maritime comgcting. However, it neglects the effects of small-scale surface
munication link. Predicting the time statistics of the receiveghyghness that can potentially be important in the prediction of
signal is important in the characterization of the ProPagat'?ﬂopagation time statistics, especially at large grazing angles.
channel. Knowledge of the coherent and incoherent powe{act numerical methods based on the method of moments
levels along with the power spectrum of the received sign oM) solution are usually less efficient compared to the
provides a complete second order statistical description, an Ebroximate methods. However, it has been shown that the
the case of a Gaussian received field, i.e., the real and imaging¥ct MoM solution can be obtained in a relatively efficient
components of the field are independent Gaussian random Hsnner using the forward—backward method with a novel
cesses, the second order statistics completely describe the @'ﬁ@ctral acceleration (F-B/NSA) technique [10].
varying channel properties. Other time dependent propertie§, this paper, scattering of electromagnetic waves from a
of a Gaussian channel, such as the fade duration and the fag evolving rough ocean surface is studied. The operating fre-
occurrence interval, can be determined from these statistics.quency is selected to be 1 GHz, a typical UHF band frequency
Although several theoretical and empirical models have beggeq in shipboard communication systems. Atmospheric effects
developed to describe some of these characteristics [1]-[8lich as ducting and scintillations are neglected for simplicity.
The geometry of the problem is shown in Fig. 1. Both the
Manuscript received September 3, 1999: revised March 8, 2000. transmitting and the receiving antennas are chosen to be hori-
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through the mirror image of the transmitter (see Fig. 1). Th , Wind speed =5 m/s . Wind speed = 15 m/s
horizontal distancel. separating the two antennas is on the | wme=osec » | fme=0sec

order of kilometers, while the antenna heights are on the ord o e .

of meters. Therefore, propagation is close to grazing, and it » ~

reasonable to model the ocean surface as a one-dimensic
(1-D) perfectly electric conducting (PEC) boundary. 0 % 100 150 0 50 100 150

As shown in Fig. 1, the total received electric field can b g N g“ PP
decomposed into two components: the direct figlg which f_v; 2 " % 2W//\
would be received in free space without considering the surfac 5 °f«~ """ <0
and the scattered fiel®,, which is radiated from the induced & g
currents on the surface. Since the total field at the receiver is t & 50 100 o B 50 100 150
sum of these two, there is a possibility for them to interfere wit ~ « . —
each other, causing multipath fading effects. Due to the roug = R 2 :
ness of the ocean surface, the scattered field path is not uniq = op—~-mmm 0
resulting in irregular multipath fading statistics. Usually, it is -2 v 2
convenient to express the received signal in terms of the proy -+, > e o -4 - . -
gation gain, defined as Surface length (m) Surface length (m)

E, + E, Fig. 2. Time variation of a single realization of the ocean surface for wind

F (1) speeds 5 m/s and 15 m/s.

Ey
which is the ratio of the total field to the direct field. In thePi€rson-Moskowitz spectrum is defined in terms of the spatial

following, the propagation gaid will be used to present the Wavenumbet of the surface as [15], [16]
characteristics of the received signal. W(k) = )
Accurately modeling the ocean surface is important in the e
prediction of realistic time statistics of the received signal. A o
detailed description of surface models used in numerical simut41€réa = 0.0081 and3 = 0.74 are two empirical constants,
tions and analytical calculations is given in Section II. Tempordl = 9-81 m/$ is the gravitational acceleration constant, and
variations of the surface and resulting changes in the fields 4h€ wind speed measured in m/s. Thus, the spectrum is de-
also discussed in this section. Coherent and incoherent compgfdent on the wind speed such that higher wind speeds cause
nents of the received power are studied in Section I1l. The pow@l frequency components of the surface to have larger ampli-
spectrum of the signal is investigated in Section IV. Numericalf§!des. Temporal evolution of the ocean surface is modeled ac-
obtained results for these quantities are compared with availapf¥ding to the linear gravity/capillary wave dispersion relation
analytical approximations to assess the success of the appf@kdeep-water, given in terms of the phase velocity of each fre-
imate methods. Particular emphasis is placed on compari§Bfncy component as [16]
with the Kirchhoff approach, which is shown to provide reason- —
able predictions in many cases for the near-forward propagation vp =V g/k + ik ®)

geometries. A discussion of propagation channel properties gidl e ; is the gravitational acceleration constant ane- 7.4
several other time statistics of the received field derived frogglo_smg/sz accounts for the surface tension. While nonlinear

the second-order statistics is given in Section V. Finally, COfsodels for hydrodynamics of the ocean surface are available,

clusions are presented in Section V1. they are extremely computationally expensive. The linear prop-
agation model used here avoids this computational complexity

II. TIME VARIATION OF THE OCEAN SURFACE while still retaining many of the basic features of sea surface

. . . ) . temporal evolution. Numerically generated temporal evolution
Numerical and analytical calculations of the received timez ha ocean surface is as shown in Fig. 2 for wind speeds 5 m/s

varying fields over the ocean surface demand several characgq{d 15 m/s. It can be seen from the figure that higher wind
Istics of the surface to be known. Time variations of the propaggsee s result in larger waves with larger wavelengths. Phase ve-
tion geometry are handled by discretizing the time duration iNfYcities of the surface waves range from 0.5 m/s to 7 m/s for a

a number of time steps. Then, time-varying fields are obtainggd, speed of 5 m/s and to 18 m/s for a wind speed of 15 m/s.

by solving the scattering problem *frozen” at éach time step 8STime variation of the scattering geometry modulates the re-
described for backscattering in [16]. Finally, the time statistigs;, oq signal. Therefore, a transmitted continuous wave signal

are determined by averaging these field quantities over Sev%arleceived as a time-varying propagation gain that can be ex-
realizations of the surface. This procedure requires statisticsp%ssed as

each point on the ocean surface as a random variable, the spec-
trum (or the correlation function) of the surface, and the hydro- F(t) = Re{A(t)e?*® it} 4)
dynamic relation with which it evolves in time.

In this paper, the ocean surface is modeled as a Gaussidrere A(¢) and ¢(¢t) are the time-dependent amplitude and
random process with a Pierson—-Moskowitz spectrum. Tipbase of the envelope @f, respectively. The carrier frequency

)
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° ‘ ‘ ' ‘ ‘ ' ' ' ‘ Itis convenient to separate the propagation dainto its co-
herent and incoherent components. The coherent component is
) the power of average fieldl, and itis expressed & = |(F)|?.
=7 ] Due to the averaging operation that cancels the random vari-
ations in /', the coherent power depends mainly on the large
scale geometry of the problem. The incoherent component is
2 P s 1w 12 1. 16 s =2 the mean of the variance df, and it is expressed aBr =
fime (sec) (|IF — (F)]?). In these definitions{-) denotes the ensemble
200 : : ( \ . : . ; average (or arithmetic mean) over many realizations. Since the
variance describes how afunction is spread around the mean, the
incoherent power corresponds to the amount of deviation from
the coherent component (i.e., it is a measure of the randomness
of the received power). In the rough surface scattering problem,
the incoherent power depends on the random variations of the
~200 1 ‘ ' : ‘ ; ) ) ‘ surface. Accordingly, the coherent component is dominant for a
time (sec) smooth surface profile, whereas the incoherent component can
- dé(t) and the phass() of | be dominant for a rough surface profile.
Fig. 3. Time variation of the magnitudé(¢) and the phase(t) of a single ; ;
reglization of the propagation ga}hg(t) (wind speec= lg m/s andy = 4.88g). at;g]i;?lge:f?gt: réc/jl\llns(fhme:;];gO;zrijrgngimingﬂge?:;i;
o , over 50 realizations of the ocean surface at a fixed time
f =1 GHz s included in (4) through the angular frequencssayt = 0). The simulation results of the coherent and inco-
w = 2nf. The time-varying propagation gain is computefigrent power as a function of the grazing anglare given in
numerically using the F-B/NSA technique at each frozen tim&qq 4 and 5 for wind speeds 5 m/s and 15 m/s. The low wind
step. Computing the received field at one time step iNvolV@3eeq case for the coherent power shows the characteristic
the numerical solution of the scattering from the rough oceaninath fading pattern clearly, due to the interference between
surface gf IengthL = 2.4576 km Q|scret|zed into 32 7§8the direct and specularly reflected wave. In the high wind speed
points with A4 increments, where\ is the electromagnetic case however, the rough surface profile causes a reduction in
wavelength. The F-B/NSA method takes approximately 3 Mifie specular reflection coefficient so that the coherent power

and five iterations to simulate one time step for the 5 m/s wing,nishes for large grazing angles. This is due to the increased
speed and 4.5 min and six iterations for the 15 m/s wind spegghjomness in the received field, which in turn results in a

on a 200 MHz Pentium Pro processor. A single realizatiqgrger incoherent power.

of £'(¢) generated from 400 time steps separated by a timeyjonte Carlo-averaged MoM results are compared with a
increment ofA¢ = 0.05 s at a grazing angle of = 4.88 \ionte Carlo physical optics (PO) method. Monte Carlo PO
and a wind speed of 15 m/s is shown in Fig. 3. The duratiQpg,its are generated using the Kirchhoff approach (i.e., tangent
of the time increments is chosen to maintain the continuipfane approximation) applied to determine induced currents
of the consecutive realizations and thus, a smooth evolutighasch point on the surface, and ensemble averaging over 50
o_f b(_th the ocean su_rface ar_ld the fields is observed. N_ote }lgglizations of scattered fields. Since the Kirchhoff approach
significant variations in amplitude and phase occurring in thigyes not take into account shadowing and multiple scattering
example. These time-varying properties broaden the frequenfitcts, the scattered field component of the received field
spectrum of the received field around the carrier frequengy, multiplied by a shadowing factor in order to improve the

as described in more detail in Section IV. Fig. 3 also displaygs|ts. The shadowing factor for forward scattering is given as
a typical fade between 17 and 18 s, caused by mterfererﬁq

between the large number of ray paths occuring at high grazing
angles for a rough surface profile. A statistical description of S(a) = 1 )
these fading characteristics is given in Section V. 2A0() +1

4(t) (deg)

-100

lll. COHERENT AND INCOHERENTPOWERS and
Since the ocean surface is described statistically as a randory o) = 1 [ 2_32 R o—tan’ a/2s% _ grge <M)]

process, the received signal is a random variable. Therefore, 2 T tana V2s?
ensemble averages and time averages of the field and power (6)
guantities are considered in calculations. Ensemble averages are
mean values for different realizations of the ocean surface, eagheres? is the mean square surface slope, eyis(the comple-
of which is generated as a sample of the random process dentary error function, and is the grazing angle. This shad-
scribing the surface. Time averages, however, are averages @veng factor, however, applies only under the assumption that
a specified time duration. Since ocean surface realizations aha received field is dominated by its incoherent component.
specific time are correlated to those at an earlier time, time aMherefore, it is only applied to the calculation of the incoherent
erages are different from ensemble averages for a limited timewer. Monte Carlo PO simulations for the coherent and the in-
duration. coherent power are also given in Figs. 4 and 5. It is clear that
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. Wind Speed =5 m/s . Wind Speed =15 m/s ensemble average is calculated through the use of the reduced
. — . reflection coefficient on a flat surface. This modified field re-
— Monte CarloMM| Mggg 82;:8 ,“:,"c")” 5 . - .
PL|o NemelarePO LT MR Siviur AR I S flection coefficient takes into account the surface roughness ef-

fects and is derived using the Kirchhoff approximation as [17]

)
@
T

Rr — Re—?kzoz sin? o (7)

"
T

where R is the reflection coefficient at the boundary, which
equals—1 for the PEC surface considered in this pageis
the electromagnetic wavenumber 2, ando? is the variance
of the surface height profile. Results for coherent power using
this approach are given in Fig. 4 for two wind speeds. For low
wind speeds, the analytical PO approach is observed to be satis-
factory, whereas for high wind speeds, it follows the numerical
PO results instead of the exact MoM solution. Also note the ef-
fects of the rapidly decaying reflection coefficient as the grazing
1o angle increases for the rougher surface.

The Kirchhoff approach is also applied to calculate the
Fig. 4. Coherent power as a function of the grazing angle for wind speeﬁgsgmble average mcoherent-povx-/er. Th_e prqcedure Ieadm_g to
5 m/s and 15 m/s. the incoherent power expression is outlined in the Appendix.
The incoherent power results of the expression in (28) of the
Appendix are given in Fig. 5. Analytically derived PO results
[which also include the shadowing effect correction function
of (5) and (6)] are in good agreement with the numerical PO
solution. Both methods closely approximate the exact MoM
results for smoother surfaces but fail to predict the exact results
for rougher surfaces at near grazing angles.

Another analytical method to test against the numerical sim-
ulation results is the geometrical optics (GO) approach, which
is the large surface height limit of the PO approximation. For
large surface profiles, such thiat. o >> 1, it can be shown that
Dy, in (30) of the Appendix takes the form

Receiver Grazing Angle (deg)

Receiver Grazing Angle (deg)
~

N

S0 20 = 0 10 S0 20 T 0
Coherent Power (dB) Coherent Power (dB)

Wind Speed = 5 m/s Wind Speed = 15 m/s

i
— Monte Carlo MM : I —— Monte Carlo MM
-+~ Monte Carlo PO 4 - Monte Carlo PO
7H - - Analytical PO L i 71— - Analytical PO
— - Analytical GO g ! ~- Analytical GO

)
)
T

o

T

IS <
. T

[}

Receiver Grazing Angle (deg)
©w

Receiver Grazing Angle (deg)

N

27T (1.2 2 g2
Dpyv = K202 © (e 20z, (8)

: e The incoherent power results obtained by the GO limit are given

S0 B0 2 0 o 4w = - o inFig. 5. As expected, the GO results follow the PO approxima-
Incoherent Power (dE) Incoherent Power (d8) tions for rougher surfaces corresponding to large wind speeds

Fig. 5. Incoherent power as a function of the grazing angle for wind spegéfa = 25.45 a_‘t 15 m/s wind speed) and deviate from PO for

5 m/s and 15 m/s. smoother profilese = 2.83 at 5 m/s wind speed).

As a conclusion, the PO approximation predicts the coherent

both MoM and PO results are in very good agreement for tRE d th_e n _coherent power characteristics accurately except in
some limiting cases. It is shown that for smoother surfaces and

low wind speed case. At high wind speeds, however, for low . .
. . . large grazing angles, the PO results are in reasonable agreement
grazing angles, the incoherent power numerical PO results fas

. : . . with the numerical simulations. However, when the surface scat-
viate from the exact MoM solution. This is due to the relat|veI¥ . S . .
) : . ering mechanism is too complicated to be approximated by the
more complex scattering mechanisms involved for rough SLfr— R :
. . > _..langent plane approach, the PO solution is shown to underesti-
faces near grazing for which the tangent plane apprommaﬂpnnate the incoherent power level by as much as 10 dB
may not be valid. Note also the shifted locations of the first few P y '
peaks and nulls in the coherent power pattern in the 15 m/s wind
speed case, in which PO fails to follow the exact solution. These
results appear to describe a difference in the coherent reflectiorThe power spectrum of the received signal, along with the co-
coefficient from that obtained in the PO approximation, howevéerent and incoherent power levels, provides a complete second-
an analytical description of this effect has yet to be obtained.order statistical description of the received field. In the case of a
In addition to the Monte Carlo computation of the coheremontinuous wave transmitted signal, the received signal is mod-
and incoherent powers with the MoM and PO, analytical techtated due to the temporally evolving ocean surface. The power
niques are also applied to determine these quantities. The spectrum is the measure of the frequency modulation introduced

herent component of the received power corresponding to layithe time-varying surface and is dependent on the wind speed

IV. POWER SPECTRUM
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Fig. 6. Propagation gaif' as a function of time and frequency for grazing
angles of 1.4Dand 6.04 (wind speed= 5 m/s).

Fig. 8. Power spectrum for wind speeds 5 m/s and 15 m/s.

that the peak magnitude is determined by the incoherent power
level. This peak value is removed and the power spectrum re-

sults presented in this section are normalized so that the area
under them is equal to unity.

The power spectra are numerically generated using the
F-B/INSA method. Monte Carlo results are produced by
performing time averages in (9) over 400 time steps of total
duration 20 s to obtain the incoherent correlation function, then
oD i the resultant spectra are ensemble averaged over 20 realizations
at a grazing angle of 7.29The results of this operation are
presented in Fig. 8 for two different wind speeds, together
with the numerical PO results obtained in a similar way using
the Kirchhoff approach instead of the exact solution. It is
observed that these two methods yield similar results, even
when the incoherent power level is underestimated by the PO

00— ———————————————— gpproximation. It is also of interest to examine closely the
frequency (Hz) effect of the dominant wave structure. For the 5 m/s wind speed
case, the dominant wave has a wavenumber of about 0.2 rad/s
Fig. 7. Propagation gaifi’ as a function of time and frequency for grazinggng according to the dispersion relation, moves with a phase
angles of 1.40and 6.04 (wind speed= 15 m/s). . . .
velocity of about 7 m/s, thus creating a peak in the spectrum
at 0.22 Hz, as observed in Fig. 8. Similarly, the peak for the

d th . le. | der to d trate the effect 15 m/s wind speed case occurs at 0.09 Hz (not resolved for the
and the grazing angle. In order to demonstrate the effec Srggults presented).

these parameters on the spectrum, the amplitude of the ProPagys yescribed in Section I, the ocean surface evolves in time

tion gain " for one r_ea||_zat|on IS shown_ in both time do_maln angccording to the hydrodynamic dispersion relation given in (3),
frequency domain in F|g_s. 6 gnd ‘. I.t IS clear that an INCrease fiich requires each frequency component of the surface pro-
randomness of the received field (either by a larger wind sPe&d 15 move with a different phase velocity. Due to these dis-

or a larger grazing angle) results in a broader spectrum. ersive properties of the ocean surface, it is difficult to obtain

. Tk;]e povxt/er spelcttrumfls d?_f ined as the Fourier transform of tﬁﬁ analytical description for the power spectrum of the received
incoherent corretation function field. Several analytical and empirical models to assign an ap-

_ _ _ . proximate random velocity to the ocean surface [2], [3], [18] are

L) = (@ —(FONEE+ ) = EE+D)T - ©) found to be unsatisfactory upon comparison with the numerical
where the inner bracketg-f) denote time averages, and théimulations. Therefore, the numerically generated spectra are
outer brackets denote both ensemble and time averages. Nogéched by curve fitting. It has been found that a power spec-
that according to the definition df(¢) given in (4), the carrier trum model of the form
frequency is factored out in the resulting power spectrum ex-
pression. Therefore, it should be remembered that the spectrum 4/ fo)
is centered around the carrier frequency. It is also worth noting w(f) = (14 (f/fo)2)? (10)
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Fig. 9. Cutoff frequency, as a function of wind speed and grazing angle Fig- 10.  Cumulative distribution functions of the real and imaginary parts of
the propagation gaifi'. Numerical simulations are compared with the Gaussian

CDF for wind speed= 15 m/s and grazing angte 6.04.

can be used to fit the numerical results reasonably. The func-
tion W(f) has a single parametg®, which corresponds to o = 1.40 deg o = 6.04 deg
the —6 dB bandwidth of the spectrum. Curve fitting results ar ‘ ' '
also presented in Fig. 8. As with the spectrum itself, the cutc ost . o8}
frequencyf, varies with wind speed and grazing angleAs |
shown in Fig. 9,fy depends strongly on the wind speed an §
increases as wind speed increases, whereas it depends r¢ gw-
weakly on the grazing angle and does not display a proportior ' oslk
variation. 2"

As a conclusion, the numerical PO approximation predic &os;
the frequency domain characteristics of the received field ve 2
accurately. Although an analytical approximation to the pow :
spectrum is not available, the empirical curve fitting approac
presented above is shown to reproduce the numerical results 10|
sonably.
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V. OTHER TIME STATISTICS IFI

As discussed in the previous sections, the second-order tiRige 11. Cumulative distribution function of the magnitude of the propagation

statistics of the received signal are determined by the coherg?ﬁ‘ F'. Numerical simulations are compared with the Rician CDF for wind

: peed= 15 m/s and grazing angles 1%4énd 6.04.
and incoherent power levels and the power spectrum. In the case
of a Gaussian channel, the real and imaginary parts of the re-

ceived field are independent Gaussian random processes ahﬁ%i study of the magnitude distribution of the propagation gain

time statistics of the second order give a complete descriptiF ows thatit can be approximated by the Rician density function

of the received signal characteristics. 1]

. In order to investigate t.he nature of the propagation channel oF F?2 4 P 2F /P
discussed in this paper, histograms of the received field are gen- f(£) = P, P <— iz ) Io < iz ) (11)
erated numerically from five realizations of the ocean surface, ! ! !
each of which evolves in time for 400 time steps. It is observathere P- and P; are the coherent and incoherent components,
that the real and the imaginary parts of the propagation Hainrespectively, of the power in the scattered fidlgl.-) is the ze-
indeed approximate Gaussian random variables with variamogh order modified Bessel function of the first kind. A compar-
equal to the incoherent power level, as shown in Fig. 10. Morson of the cumulative distribution function of the magnitude
over, the correlation coefficient of the real and imaginary parts £, generated numerically from 2000 samples, and the Rician
is found to be less than 0.1, which suggests that they are indéstribution is given in Fig. 11. It is worth noting that for the lim-
pendent random variables. Therefore, it is reasonable to asstiting case of a highly random field (i.e., a zero coherent field and
that the propagation channel is Gaussian under the assump#arincoherent field equal to the mean power), the Rician density
of the ocean surface models used here. function of (11) reduces to the Rayleigh density function.
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Since the complete statistical description of the propagatioespectively, wheré.., . In the above equations,
channel is known, it is possible to obtain other time statistiés = #k,; — 2k.; = a:k s1n9 -z kcos9 andk, = k.. +
from the second-order statistics described in this paper. For ék., = 2k sin 6, + 2k cos 8, are the incident and scattered wave
ample, the fade duration statistics and the fade occurrencedirections withd; andé, the incident and scattering angles. The
terval can be predicted from the power spectrum of the receivieahction G(;, k) in (15) is given by

fields, as discussed in detail in [2]. o
GRT) = [ R b @) ~ k) (19)

_ . o _  Wwherekq = k; — k. The ocean surface profile, as a function of
A numerical study of the time statistics of the received signgde horizontal position;, is denoted ag(z), and its derivative

in a maritime communication system is presented. It is showith respect to is denoted ag”(z). Rewriting (15) and (16)
that the time statistics of second order can be produced by fterms of the angleg; andé, yields

merical methods. PO and GO approximations are tested against

VI. CONCLUSIONS

the results of these numerical methods and are found to pre-E;(7) = — 4 % exp[—jk(rysins + 7, cosb,)]
dict the simulated results of the coherent and incoherent power ”oJo

levels for some limited cases. It is observed that the PO approx- . / exp[+jk(t, sinb; — t. cos 6;)]

imation matches the exact numerical model for smoother sur-

faces (corresponding to lower wind speeds) or larger grazing - G(0;,05) db; do, (7)

angles, whereas the GO approximation can only reproduce theg,

PO results for large surface height profiles. It is shown that the .

numerical PO approximation predicts the spectral characteris- G(6;,0,) = / exp[—jk[(sin 6; — sin 6, )z’
tics of the signal at the receiver very accurately. An analytical L

model for the power spectrum of received fields is difficult to re- — (cos i +cos 6,) f'(x )]]

alize since the time evolution of the ocean surface is dispersive. (f ( ") sin §; + cos 9‘) (18)

spectra weII These statistics can be used to obtain other Cr&\frrespondmg to the change of variables , = ksiné, ,

acteristics of the propagation channel such as the field densififanging the order of integration in (17) gives
and distribution functions, fade duration, and fade occurrence Eok
0

interval. Results produced in this paper can be applied to studg, (7) = ey [/ exp[—jk[(z’ —t,)sinb;
multipath fading problems in ocean communication systems. 2% J i
+ (t. — f(z")) cos;](f/(x') sinb; + cos6;) db;
APPENDIX

CALCULATING THE ENSEMBLE AVERAGE INCOHERENTPOWER . .
[/ exp[—jk[(ry — 2') sin b,
The ensemble average incoherent power is derived using the c,
Kirchhoff approach as follows. Consider a line source trans-
mitter located a¥; = Zx; + 2z for which the incident field

is expressed as

+ (r, — f(z)) cos 6] des} dz’ (19)

The scattered field expression in (19) involves two angular in-

L E, [t tegrals and another integral along the surface profile. In order to
LF) =9 — simplify this expression for practical use, some approximations
T oo are needed. First, the outer integral is separated into a number
exp[—j(kei(z — @) — kziz — 2)))] dk,; (12) offinite segments. These segments along the surface need to be
ki small enough to maintain a reasonable continuity in local inci-

ent and scattered angles but must also be large enough so that
elds scattered from each segment are uncorrelated with those
from neighboring segments. It has been observed that a segment

wherek.; = \/k? — k2,, and the corresponding direct and sc:aﬁj
tered fields reaching the receiver locate@tat iz, + 2z, are

_ E, size of about 20 m is sufficient for the examples illustrated. The
Eq(r) =7 7 resulting expression for the scattering field is
expl—j(kyi(x, —x1) — koi(2 — 2 _
Pl (ki kt) Crm2l e w3) F W Z /L " [ / exp|—jk[(], — t.) sin b,
= EoH§? (k7w — 7)) (14) (. () cosBu]
and - (f'(2) sinb;, + cosb;,) dﬁm}
- _E +oo e—]k_s'ﬁ
Ey(T) = — 2 2 . {/ exp[—jk[(r, — ) sin 05,
e C,

+oo gk; Ty o
/ o G(k;, ks) dky; dkys  (15) + (r. — f(x)) cos 05,]] des} dx’, (20)
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whereXV is the number of segments along the propagation dis-Finally, the incoherent component of the received field is cal-

tanceL. Next, the angular integrals are approximated using ticelated from the scattered field expression of (23). Since each

stationary phase method assuming the incident and scattesegment of the surface is uncorrelated with the rest, the inco-

angles do not change much within each segment. Hence  herent powers resulting from each segment can be added to give
the total incoherent power. Therefore

/ exp[—Jjk[(z], — t.)sin Oy, + (£, — f(2),)) cos 6;,]] E. — (B2
¢ - Pr=(|F — (p)y = A B S|E§|25>| ) 27)
(f() sin B + co8Bir) Ay 2 4] — B N
o . k _ | ol Z 2 142 (1/2)
Cexp[=jkl(], — te)sin b7, + (£, — f(,,)) cos 67,]] 72| Eqgl?
[, — )2 1 27 e o4 200
(f(x))sin 6, + cos b)) (21) * y 9
14 cos(62, +62,)
| cos#2 + cos6? Diyw- (28)
and in sn
. The functionD;,,  is derived in [17] as
/ exp[—jk[(ry — 2},)sinb,,
“ 57 Dryy =(Iyn1?) = KIrym)I? (29)
-
+ (r. — f(2])) cos 0s5,]] dbsn =~ TJ —9 / <£ _ x) (C_UZkiz(l—C(m))
exp[_jk[(Tm - x%) Sin ezn + (TZ - f( )) COS ezn]] T/l\; 2 N
: [(re — 21)2 + r2]H/4 — ¢ ka2 cos(kap) do (30)

(22)
wherek,, = k(sin®i, — sinf?,) andky, = k(cosb;, +
In the above equations, the's are the center point of each segCOSQ o). The correlation fuanon of the ocean  sur-
ment along the-axis, andy:, andé®, are the incident and scat-face is denoted as’(z) and is related to the inverse
tering angles at each segment center point. Inserting the abb@&ier transform of the spectrum given in (2), such that

i : . .
expressions in the scattered field integral results in Cz) = (1/o)F~{U(k)}. Since an analytical expression for
the correlation function is not available in closed forfix)

is computed numerically using an inverse Fourier transform

) = _g@ z]\: exp[—jk(—t, sin b}, +1t. costy, )] routine from the Pierson-Moskowitz spectrum. Equation (30)
T = (@), — t)2 + 2]/ is evaluated numerically for every incident and scattering angle
exp[—jk(ry sin 02, + 7. cos62,)] ) and takes considerably less time compared to Monte Carlo
: (e — 27 )2 1 2)1/ Gr/n(9;.,05,)  MoM and PO computations.
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