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SUMMARY

OBJECTIVE

Investigate and compare several rough surface models implemented within the split-step
Fourier parabolic equation (PE) algorithm. Describe advantages and disadvantages of each
model and their possible inclusion in current PE models.

RESULTS

Three split-step PE rough surface models--(1) mixed transform (MT), (2) surface loss func-
tion (SLF), and (3) approximate solution (AS)--were investigated and compared with a refer-
ence waveguide model called MLAYER. The MT and SLF models are shown to agree well with
MLAYER; the AS model, however, generally showed poor agreement. The MT model, though
the most accurate, is the most time-consuming of the three. The AS model, the most numerically
efficient, shows the poorest match to MLAYER.

In using one of these rough surface models, whether it be to model rough surface effects over
ocean or variable terrain, a satisfactory compromise may be to use some form of the SLF model
since it is shown to agree fairly well with MLAYER and is still fairly efficient.
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1.0 INTRODUCTION

Recent advances in parabolic equation (PE) modeling have produced many varied techniques
to account for environmental effects on radiowave propagation through the troposphere. Current
PE models have been shown to successfully model range-dependent refractivity environments on
propagation paths over ocean and land [1,2,3]. Most of these models deal with the simplest of
cases in which a smooth, perfectly conducting ground is assumed for the boundary. For the fre-
quency range considered in this report (0.1 to 20 GHz), finite conductivity is important at fre-
quencies below approximately 1 GHz, and rough surface effects are a major factor at frequencies
above 10 GHz.

This report will discuss several techniques in which propagation over a rough surface can be
adequately modeled. Finite conductivity will also be addressed in the methods explored. The
split-step Fourier (SSF) method [4] is widely accepted as being a more numerically efficient
algorithm than current finite-difference techniques; therefore, this report will concentrate only
on techniques implemented within the SSF method.

A description of the models and their implementations is given in Section 2.0 and results are
given in Section 4.0. The rough surface SSF models are compared with a waveguide program
called MLAYER, developed at NCCOSC, RDT&E Division (NRaD) by Baumgartner [5] and
Pappert.* MLAYER is a rigorous model based on mode theory and uses the more accurate rough
surface reflection coefficient by Miller, Brown, and Vegh [6]. In Section 3.0, MLAYER is
compared favorably with experimental data in which propagation measurements were taken in
the presence of 9-to-10-m/s winds, and therefore is shown to be a good reference for the SSF
models.

2.0 ROUGH SURFACE MODELS

2.1 MIXED TRANSFORM ALGORITHM

The mixed transform algorithm was developed by Kuttler and Dockery [1] to model finite
conductivity and rough surface boundaries within the split-step algorithm. This algorithm is now
implemented in the TEMPER program developed by Dockery.** This is a mathematically rig-
orous approach in which the impedance boundary condition is explicitly applied at each range
step. The impedance boundary condition is

&p(r, Z) I + aip(r,0) = 0
az• z=O

where

a = iko sinft g -1 - Rpo] (2)

*Pappert, R. A., "Field Strength and Path-loss in a Multilayer Tropospheric Waveguide Environment," Naval Ocean Systems
Center, San Diego, California, NOSC TN 1366, October 1984. Technical Notes are working documents and do not represent an
official policy statement of the Naval Ocean Systems Center, now NRaD. For further information, contact the authors.

"**Dockery, G. D. "Performance of the Improved Impedance Boundary Condition Algorithm in the Tropospheric Electromag-

netic Parabolic Equation Routine (TEMPER)," Applied Physics Laboratory, Laurel MD, in-house report F2B-89-U-8-015,
December 1989.



Vt(r,z) is the scalar component of the field, R is the smooth-surface Fresnel reflection coeffi-

cient,OS is the grazing angle, and po is the rough surface reduction factor defined by

po = e- 2Io (

g = 2koor, sin ft

In Eq. 3, 10 is the modified Bessel function of zero order, k4 is the free-space wavenumber, and
0 ,ms is the standard deviation wave height determined from wind speed, A, by

o.s = 0.0051 p 2  (4)

In Eq. 4, the wind speed is specified in units of m/s, giving the standard deviation wave height in
meters [7]. The formula for po is taken from Miller, Brown, and Vegh [6], which gives a better
estimate for fields reflected off rough surfaces and is implemented using a closed-form approxi-
mation given by CCIR Report 1008-1 [8]:

1
/V 3.2X-2 + ,(3.2X) 2-7X + 9

I 4g2

When propagation is modeled over a smooth, finite conducting surface, Po becomes 1. After
substitution of the Fresnel coefficients, using a small angle approximation, a becomes indepen-

dent of Og and is defined by

a ik•o; for vertical polarization

a ikon,; for horizontal polarization (5)

nc = T/: -Z6oaA
The relative permittivity and conductivity are represented by e and a, respectively, with the
wavelength, A, specified in meters.

The mixed transform algorithm incorporating the impedance boundary condition at each
range step is

i(r + Ar, z) = eLr 104 M(z) JZ [ a p2 e-'4'ý (r'P)p Z[ " • +2 e+(rp)

Y'(r,p) = a Z•ip(rz)Jp Zp(rz)] (6)

M(z) = (n-i + 106

p = kosinf

2



Here, r and z are the range and height variables, respectively, n is the index of refraction, and a
is the earth's radius. Z, and Zc represent Fourier sine and cosine transforms, respectively. A
term which accounts for surface wave effects has been omitted in Eq. 6. For our frequency range
of interest, this additional term has very little effect.

To model rough surface effects, it is necessary to determine the grazing angle at each range
for substitution into the parameter a. A spectral estimation procedure (FFT with Hanning win-
dow) must be performed on a smooth surface, horizontal polarization solution, and the grazing
angles are then used to produce the rough surface solution. As stated by Dockery (op. cit.), using
a smooth surface and horizontal polarization solution to determine the grazing angles may cause
some error in the final result for rough surfaces, but such error is considered to be small. A more
sophisticated spectral estimation procedure is implemented within TEMPER and is based on the
Multiple Unknown Signal Identification and Classification (MUSIC) algorithm. However, the
more standard procedure used here of applying FFTs is believed to be sufficient. Figure 1 shows
a comparison of grazing angle vs. range determined from TEMPER and from an 8-pt and 16-pt
FFT spectral estimation. That is, only the fields in the lower 8 bins (8*Az) and 16 bins, respec-
tively, were used to determine the grazing angle, with the FFTs performed on an array zero-
padded to 512 points. The refractivity is a homogeneous 45.7-meter surface duct, with the anten-
na height at 22.9 meters and frequency at 10 GHz.

A note should be made here on the use of both sine and cosine transforms in this method.
When smooth surface and horizontal polarization are modeled (and it is assumed that infinite
conductivity is a good approximation for all our radar frequencies of interest), only sine trans-
forms need be used. Sine and cosine transforms are required only when vertical polarization with
finite conductivity, and rough surface effects, are modeled.

2.2 SURFACE LOSS FUNCTION

The surface loss function model was originally developed by Moore-Head, Jobst, and
Holmes [9] for acoustic underwater waves incident on rough boundaries. The model is based on
a surface loss-vs.-angle description of the boundary implemented within the split-step Fourier
algorithm. This model is a semiempirical model since it applies an angle-dependent surface loss
function to the field in a layer near the ocean surface. Therefore, the model is not a result of rig-
orous mathematical derivation, but instead relies on attenuating the field near the surface by
something physically meaningful.

The field is separated into three height regions. One is a surface layer of height d in which
the field is assumed to have a strong interaction with the ocean surface. A second layer, also of
height d, is a transition layer, and the third layer corresponds to all heights greater than 2d. The
field, in terms of the loss function, L(p), is formulated below:

tp(r + A r,z) = Z-1 {L(p) Z [w(z)*p,(r + 4r,z)]} + [1-w(z)]ip1(r + Ar,z) forz <_ 2d

ip(r + Arz) = Wl(r + Ar,z) for z > 2d

where i1/I(r + A r,z) is the field obtained by the smooth earth split-step algorithm:

VI~ + A rz) = e -1{ r [,ui(rz)IJ3

3



The loss function, L(p), is defined in terms of a surface loss-vs.-angle function, SL(&), in dB,
where SL(O) is the loss of the field in dB due to one surface reflection at grazing angle ft. The
loss function is defined as

L(p) = L(kosin'0) = 10-0 )

Here, N is the number of range steps in which the incident ray at angle 0 remains in the surface
and transition layers and is determined by geometry

Rs= 2d ;N =Rs
tan& LI

The loss due to each surface reflection is effectively "smeared" so that over the range Rs, the
portion of the field below a height of 2d is reduced by SL(O). Here, SL('f) is a function of the
rough surface reflection coefficient reduction factor, Po, and is given by -20*logfo. The loss
function, L(p) now becomes

L(p) = p

The weighting function, w(z), is the same as that used by Moore-Head, Jobst, and Holmes
- (op. cit.), and is applied in the transition layer to smooth the field in order to avoid introducing

discontinuities from the surface to the upper layer. w(z) is defined below:

1 for z s d

w(z)= cos[,(zW±] for d<z<s2d

0 for z > 2d

Because of this particular choice for w(z), the range over which a ray remains in the surface and
transition layers is redefined:

2d 2
Rs = t ,& ;where f w(z)dz = def. - d +

The formula for dff differs here from that given in Ref. 8, which is incorrect. Unlike the first
model, in which the grazing angle must be determined at each range step for substitution into
p,, the angles used for substitution in L(p) are the angles defined by the PE transform variable
taken only over the number of bins corresponding to the surface layer height.

An attractive feature of this method is that since the attenuation due to a rough surface is
contained within the loss function L(p), when rough surface effects are modeled by the method
just described, only sine transforms are required as in the smooth earth split-step algorithm.
Modeling vertical polarization and finite conductivity will be addressed in Section 5.0.

2.3 APPROXIMATE SOLUTION

The approximate solution model was developed by Prof. Fred Tappert of the University of
Miami and is based on Monte Carlo techniques to create a realization of the random sea surface.

4



Very little documentation exists on this method, and the implementation described here has been
takezi from actual source code written by Prof. Tappert while working under contract at NOSC
during the summer of 1990.

The rough surface boundary condition is approximated by a Taylor series expansion about
z=0, resulting in the impedance boundary condition:

VpQ'7(r),r) = 0 p- (0,r) + 11(r) [z=o (7)

The range-dependent surface displacement is represented by TI(r) and is considered as a random
quantity. The impedance boundary condition can be formally put into the PE to yield a new

equation in which a new index of refraction is defined.* The refractivity term in the smooth
earth split-step algorithm is now replaced with

10- 6M(z) - j1ro)6 "(z) (8)2k2

In Eq. 8, 6"(z) is the second derivative of the delta function, and numerically, can be realized by
the function

V"(z) -e - e

V LS
where L. is the surface mixing length and is determined at each range step by summing the
p-space field given by

N-1

Ls -N-i=O

(id~p)2(X2 + y?) (9)
i=O

Zmax

Here, z,.a, is the maximum height of the calculation domain, N is the transform size, and the xjs
and yis are the real and imaginary parts of the field, respectively. It is worth noting that in Eq. 9,
t6"(z) rapidly falls to zero as the height, z, increases, making the additional rough surface term in
Eq. 8 negligible at higher heights. This is similar in concept to the method described in Section
2.2.

The Toba spectrum is used to describe the sea surface:

S(K)= rm°2L 5

[1 + (K)2]

*W. Li, "Rough Sea-Surface Forward Scattering," draft of Master's thesis, University of Miami, July 1993.
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where the nornialization coefficient is

r5)4

The spectrum is randomized according to the procedure

Si f [-2 ln(ai) AK S(idIK)]½ cos(2.rb) for i = 0,1,...,N-1

AK - 27r

NAr

in which the ais and bis are random numbers uniformly distributed between 0 and 1. Next, a
cosine FFT is performed on the Sis and the resulting series is used for i/(r). Only the real portion
of the randomized spectrum is considered here for the sea surface realization.

As in the surface loss function method, only sine transforms are used here to model rough
surface effects. Vertical polarization and finite conductivity will be addressed in Section 5.0.

3.0 REFERENCE MODEL

In order to conduct an investigative study of the validity of the rough surface models dis-
cussed in Section 2.0, they must be compared against a suitable reference. This section will es-
tablish that the waveguide program MLAYER is such a reference model. MLAYER is compared
with experimental radio data that were measured in the presence of high wind speeds. Propaga-
tion measurements were taken in the 1-40 GHz frequency range between the Greek islands of
Naxos and Mykonos during 1972 [10]. Meteorological measurements were routinely taken at the
meteorological station of the Greek Weather Service on Naxos. The transmitters were located on
Naxos, with receiving terminals on Mykonos. Propagation measurements were made during the
months of February, April, August, and November, lasting approximately two weeks each. The
transmitting and receiving terminals were separated by a distance of 35.2 km. Only those time
periods consisting of high wind speeds, in this case November 7 and 8 and August 8-13, are
considered here. Tables 1 and 2 give the air temperature, sea temperature, humidity, and wind
speeds measured during these periods.

Table 1. Meteorological measurements for November 7 and 8, 1972.

Day Hour Air Temp, Sea Temp, Relative Wind Speed,
C0  Co Humidity m/s

7 10 18.0 18.0 80 5.0
7 11 18.0 18.0 82 5.0
7 12 18.0 18.0 81 4.0
7 13 19.0 18.0 72 5.0
7 14 18.0 18.0 72 8.0
7 15 18.0 18.0 72 9.0
7 16 18.0 18.0 72 10.0
7 17 17.0 18.0 74 10.0

(Contd)

6



Table 1. Continued.

Day Hour Air Temp, Sea Temp, Relative Wind Speed,
C0  CO Humidity m/s

7 18 17.0 18.0 75 10.0
7 19 17.0 17.0 77 9.0
7 20 17.0 17.0 80 9.0
7 21 17.0 17.0 80 9.0
7 22 17.0 17.0 70 10.0
7 23 17.0 17.0 70 10.0
8 00 17.0 17.0 67 10.0
8 01 17.0 17.0 69 10.0
8 02 16.0 17.0 68 9.0
8 03 16.0 17.0 68 8.0
8 04 16.0 16.0 67 9.0
8 05 16.0 16.0 60 9.0
8 06 16.0 16.0 65 10.0
8 07 16.0 16.0 66 10.0
8 08 16.0 16.0 65 8.0
8 09 16.0 17.0 64 8.0
8 10 17.0 17.0 65 10.0
8 11 17.0 17.0 65 10.0
8 12 17.0 17.0 65 10.0
8 13 17.0 17.0 65 9.0
8 - 14 17.0 17.0 62 9.0
8 15 17.0 17.0 64 10.0
8 16 17.0 17.0 65 10.0
8 17 17.0 17.0 67 9.0
8 18 15.0 17.0 69 10.0
8 19 16.0 17.0 72 10.0
8 20 16.0 17.0 71 10.0
8 21 16.0 17.0 70 8.0
8 22 16.0 17.0 70 7.0
8 23 15.0 17.0 70 5.0

Table 2. Meteorological measurements for August 8-13, 1972.

Day Hour Air Temp, Sea Temp, Relative Wind Speed,
CO C0  Humidity m/s

8 20 20.0 26.1 94 10.0
9 02 25.0 26.1 78 10.0
9 08 25.0 26.0 78 10.0
9 14 25.0 25.9 78 10.0
9 20 26.0 25.7 79 10.0

10 02 26.0 25.5 79 12.5

(Contd)
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Table 2. Continued.

Day Hour Air Temp, Sea Temp, Relative Wind Speed,
C0  C0  Humidity m/s

10 08 26.0 25.3 74 10.0
10 14 28.0 25.1 70 10.0
10 20 26.0 24.9 74 12.5
11 02 26.0 24.7 74 12.5
11 08 25.0 24.6 78 10.0
11 14 27.0 24.5 74 10.0
11 20 29.0 24.5 55 15.0
12 02 26.0 24.5 61 10.0
12 08 26.0 24.5 74 10.0
12 14 27.0 24.5 74 15.0
12 20 26.0 24.5 74 10.0
13 02 26.0 24.5 74 10.0
13 08 25.0 24.5 78 15.0
13 14 26.0 24.5 74 10.0

Methods outlined in Ref. 10 were used to create an evaporation duct profile from each set of
bulk measurements. MLAYER was then run using each of these profiles to obtain a loss value at
the receiving terminals. Since high-frequency signals are greatly affected by a rough ocean sur-
face, only those propagation measurements taken at frequencies of 37.44 GHz (Ka band) and
17.96 -Hz (Ku band) are compared with predicted values given by MLAYER. At these frequen-
cies, there is some added attenuation due to atmospheric absorption; therefore, this additional
loss (4-7 dB) was subtracted from the measured values to give a fair comparison with the
absorption-free loss values given by MLAYER. At Ka band, the transmitter height is 5.1 meters
above mean sea level (msl), and the two receiver heights are at 3.6 meters and 8.6 meters. At Ku
band, the transmitter height is 4.5 meters above msl, and the three receiver heights are at 4.3 me-
ters, 9.5 meters, and 17.8 meters.

Figures 2 and 3 show absorption-free propagation loss vs. time for the low and high receiver
heights, respectively, at Ka band for November 7-9. Propagation loss values from MLAYER for
both a rough and smooth surface are shown in the figures. For reference, the free-space and dif-
fraction loss levels are also shown . The diffraction fields were calculated based on a standard
4/3 effective- earth-radius atmosphere. In figure 2, the predicted loss values for an assumed
smooth surface show considerably higher signal levels than were measured. However, for a
rough surface, there is very good agreement between MLAYER and the measured loss values.
For the receiver height at 8.6 meters (figure 3), the predicted rough surface loss values are
approximately 5 to 10 dB lower than observations, but still show more attenuation than the
smooth surface loss values.

Figures 4, 5, and 6 show similar comparisons at Ku band for receiver heights at 4.3 meters,
9.5 meters, and 17.8 meters respectively, for August 8-13. Between August 9 and 10, relatively
high signal levels were measured. This may be due to some elevated trapping layers that were
not measured or accounted for. Only during the month of November were radiosondes launched
midway between Naxos and Mykonos to measure elevated refractive layers. For low and middle
receiver heights, good agreement is shown between the MLAYER rough surface loss values and

8



observations. For the receiver height at 17.8 meters, there is very little difference between the
rough and smooth surface predicted loss values, but both are still within a few decibels of the
upper loss values measured. The discrepancy between the smooth surface loss and observations
becomes less pronounced as the receiver height increases, indicating that the field is most
affected only near the surface. This is consistent with the methods by Tappert [4] and Moore-
Head, Jobst, and Holmes [9], in which the field is only attenuated within a very small layer near
the surface.

As a second validity check for MLAYER, a height/range profile was created for one realiza-
tion of a random sea surface using the Pierson-Moskowitz ocean wave spectrum [12]. This pro-
file was used as input to TPEM (Terrain Parabolic Equation Model) [3], which models radio-
wave propagation over variable terrain. In the following cases, and in the comparisons to be giv-
en in Section 4.0, only two homogeneous refractivity environments will be used-a strongly
trapping 45.7-meter surface duct and a 24-meter evaporation duct. The height vs. M-unit profiles
are listed in tables 3 and 4 for the surface duct and evaporation duct, respectively. Only frequen-
cies at 10 GHz and 20 GHz are considered. In the following coverage diagrams, the msl has
been artificially raised and is represented by a second horizontal line slightly above the x-axis.
All refractivity profiles are relative to this msl, and all sea-surface realizations were created
using a wind speed of 20 m/s.

Table 3. Height/refractivity profile for 45.7-meter surface duct.

Height, m M-unit

0. 350.
45.7 334.68

1524 506.71

Table 4. Height/refractivity profile for 24-meter evaporation duct.

Height, m M-unit

0.0 0.0
.135 -20.4
.223 -21.89
.368 -23.37
.607 -24.84

1.000 -26.29
1.649 -27.71
2.718 -29.08
4.482 -30.35
7.389 -31.49

12.182 -32.39
20.086 -32.90
24.000 -32.95
33.115 -32.78
54.598 -31.59
90.017 -28.66

148.413 -22.86

9



Figure 7 shows a coverage diagram from TPEM for a frequency of 10 GHz and a 45.7-meter
surface duct. A height vs. loss plot comparing MLAYER and TPEM at a range of 200 km is
shown in figure 8. The rough surface result given by MLAYER agrees very well with that given
by TPEM. For reference, the smooth surface result is shown to indicate the substantial amount of
attenuation possible at this frequency and wind speed. While there may not be a point-by-point
match between MLAYER and TPEM, it should be understood that this is just one random real-
ization of the sea surface. A more appropriate comparison would have been to create perhaps
100 or 1000 sea surface realizations and corresponding TPEM results. The TPEM results, after
averaging, could then be compared with MLAYER. This was not done here because of the
tediousness of the task.

A coverage diagram from TPEM for a frequency of 20 GHz and the corresponding height
vs. loss plot comparing MLAYER at a range of 100 km are shown in figures 9 and 10, respec-
tively. Here again, there is good agreement between TPEM and the rough surface result from
MLAYER. Similar coverage diagrams and height vs. loss plots are shown in figures 11 and 12
for the 24-meter evaporation duct at 10 GHz, and in figures 13 and 14 for the same evaporation
duct at 20 GHz. For this environment, MLAYER shows very good agreement as it did for the
surface duct.

With a reference model established that can model propagation over a rough sea surface up
to 20 m/s wind speeds, we now proceed to compare the split-step PE models discussed in Sec-
tion 2.0.

4.0 RESULTS

All the following comparisons will be displayed on height vs. propagation loss (in decibels)
plots. Only the following combinations of frequency, wind speed, and receiver ranges will be
considered:

1. 10 GHz at wind speed of 10 m/s, receiver range at 200 km

2. 10 GHz at wind speed of 20 m/s, receiver range at 200 km

3. 20 GHz at wind speed of 10 m/s, receiver range at 200 kin

4. 20 GHz at wind speed of 20 m/s, receiver range at 100 km

Comparisons will be made for each of the above cases using both the surface duct and evapora-
tion duct environments given in tables 3 and 4. The surface loss function (SLF) and the approxi-
mate solution (AS) models will be compared with MLAYER using horizontal polarization and
perfect conductivity. Since the mixed transform (MT) algorithm was initially developed to accu-
rately model vertical polarization and finite conductivity, results from this method will be
compared with MLAYER using vertical polarization. Permittivity and conductivity values for
sea water at the frequencies listed are taken from CCIR curves. More will be said about model-
ing vertical polarization for the SLF and AS models in Section 5.0.

Figure 15 shows the smooth surface MT and MLAYER results for the surface duct environ-
ment at 10 GHz and at a range of 200 kmn. The horizontal polarization result from MLAYER is
also shown for comparison. At this rather long range, the vertical polarization loss values from
MLAYER show approximately 5 dB more attenuation than that for horizontal polarization--and
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this is accurately accounted for by the MT model. The AS and SLF models, compared with
MIAYER for a wind speed of 10 m/s, are shown in figure 16a and the corresponding compari-
son for vertical polarization using the MT model is shown in figure 16b. For this case, the SLF
model shows excellent agreement with MLAYER, with the AS model differing by as much as
25 dB. In figure 16b, the MT model shows a good match to MLAYER near the surface, but
above a height of 40 meters, this method does not attenuate the field as strongly.

For the evaporation duct environment, a comparison of the smooth surface MT result and
MLAYER for vertical polarization is shown in figure 17. Again, there is excellent agreement
with MLAYER. Comparisons between the three models and MLAYER for a wind speed of
10 m/s are shown in figures 18a and 18b. For this case, all three models performed somewhat
poorly, with the AS model differing from MLAYER by as much as 30 dB for some heights. It is
surprising that the SLF and MT models did not equal their performance in figures 16a and
16b--the only difference here being the refractivity environment. A possible explanation for the
large discrepancies shown in figures 18a and 18b will be given in Section 5.0.

Similar comparisons for a 20-m/s wind speed and a 200-kmn receiver range are shown in fig-
ures 19a and 19b and figures 20a and 20b for the surface duct and evaporation duct environ-
ments, respectively. In figure 19a, the SLF model shows the best agreement with MLAYER,
while the AS model shows the largest difference-roughly 60 dB. The MT model (figure 19b)
underestimates the losses by approximately 15 dB. For the evaporation duct environment, the
MT model shows very good agreement with MLAYER, with the AS model off by approximately
10 dB, and the SLF model showing the poorest agreement (figures 20a and 20b).

At 20 GHz, for a smooth surface and vertical polarization, the MT model shows excellent
agreement with MLAYER for the surface duct environment (figure 21). For a 10-m/s wind speed
and a 200-km receiver range, the SLF model shows the best comparison (figure 22a), with the
AS model differing by 35-40 dB. In figure 22b the MT model differs from MLAYER by about
8 dB. For the evaporation duct environment, the MT model again compares very well with
MLAYER for the smooth surface case (figure 23). In figure 24a, for a wind speed of 10 m/s, the
SLF model underestimates the loss by 5-10 dB, whereas the AS model underestimates the loss
by approximately 30 dB at the lower heights. In figure 24b, there is excellent agreement between
the MT model and MLAYER.

Figures 25a and 25b show comparisons between the rough surface models and MLAYER
using the surface duct environment at a wind speed of 20 m/s and a receiver range of 100 km for
horizontal and vertical polarization, respectively. The SLF model shows the best agreement,
whereas the AS model differs by approximately 45 dB for some heights. In figure 25b, the MT
model underestimates the losses at some heights by approximately 25 dB. Similar comparisons
are shown for the evaporation duct environment in figure 26a (horizontal polarization) and fig-
ure 26b (vertical polarization). Here, both the AS and SLF models show fairly good agreement
with MLAYER. For vertical polarization, the MT model slightly overestimates the losses by
approximately 8 dB at some heights.
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5.0 DISCUSSION

In this section, some of the advantanges and disadvantages of the rough surface models pres-
ented in Section 2.0 will be discussed, along with possible reasons why some of the discrepan-
cies, shown in the previous section, occurred between these models and MLAYER.

5.1 MIXED TRANSFORM ALGORITHM

One of the disadvantages of the MT model is that it is dependent on the incident angle at the
boundary. This is a ray theory approach in which it is assumed there is a dominant mode, and
hence, a single grazing angle, being propagated within the duct. The grazing angle is not explic-
itly available within the split-step algorithm; therefore, spectral estimation procedures must be
used to determine this parameter. Whether a sophisticated algorithm, such as MUSIC is used, or
a simple FFT procedure, as used here, this additional calculation must be performed neverthe-
less.

For many surface or surface-based ducts, the assumption of a dominant mode being propa-
gated may be a reasonable one. As shown in figure 1, the grazing angles calculated vs. range for
the 45.7-meter surface duct are fairly constant beyond 10 km. As determined from MLAYER,
there are 15 eigenangles corresponding to the multiple modes propagated within the duct, with
10 of these modes being equally dominant. For this environment, the assumption of a single
mode is sufficient to yield reasonable results. However, this is not the case for the evaporation
duct. There are 27 modes calculated by MLAYER (for the case corresponding to figures 18a and
18b) being propagated within the duct, over half of which are fairly dominant, with varying
attenuation rates. Obviously, a single-mode theory is not sufficient for this refractivity environ-
ment. This may be one reason there was poor agreement between the MT model and MLAYER
for this case.

Another problem with the MT model is in the numerical implementation of the algorithm
itself. Dockery (op. cit.) states that a singularity may occur in the fractional term (Q2 + p 2) -1

for large waveheights and close ranges. This is due to the rough surface factor, Po, which causes
the reflection coefficient to become very small, resulting in a becoming purely imaginary.
Spikes occur in the calculated values of these fractional terms, and if severe enough, will not be
properly transformed by the FFrs. A "quick fix" has been implemented in TEMPER to keep the
real part of (x from becoming too small. Specifically, ILA is restricted to values larger than 1/20
of the smooth sea value. This 1/20 cut-off value was arbitrarily chosen, but as the author states,
"it has been found to eliminate severe spikes in the calculation of the troublesome factors while
still allowing rough surface effects to be represented accurately."

While this may be true for most cases, this factor did not seem to be the optimum one for
some of the cases presented in Section 4.0. Consider the case shown in figure 19b. For a high
wind speed of 20 rn/s (2.0-meter waveheight) the MT result underestimated the loss compared
with MIAYER. Whereas, for the 10-m/s case (figure 16b), there was good agreement. The rea-
son for the discrepancy shown in figure 19b is likely due to the numerical problems just men-
tioned, i.e., the 1/20 factor may be too large a cut-off in this case. As an experiment, a cut-off
value of 1/30 was used instead; the result is shown in figure 27. This improved the comparison
with MLAYER substantially. This is not to say that a 1/30 cut-off should be used for all cases.
For the large discrepancy shown in figure 25b, this same 1/30 cut-off improved the MT result
just slightly. By trial-and-error, a cut-off value of 1/200 was found that resulted in very good
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agreement with MLAYER for receiver heights greater than 40 meters. The MT results using both
these cut-off values, along with MLAYER, are shown in figure 28. Restricting Ia,r to 1/200 the
smooth sea value is still two orders of magnitude greater than that calculated by Eq. 2; therefore,
there is a lot of flexibility in the cut-off values that can be chosen for these cases. Again, this is
another disadvantage in using this method; a chosen cut-off value may seem to work for most
cases, but there may always be some environment or frequency/wind-speed combination for
which this value may not be optimum.

Lastly, the MT model is a very time-consuming algorithm. Both the cosine and sine trans-
forms are needed to determine the field at each range step. While this is unavoidable if finite
conductivity and rough surface effects are to be accurately modeled, it nevertheless makes for a
very impractical operational model. It is somewhat faster to model finite conductivity only, since
the term is independent of grazing angle (using a small-angle approximation) and the additional
calculations to determine grazing angle need not be performed.

The greatest advantage of this model is that it is the most accurate split-step PE model for
finite conductivity and rough surface effects known to the authors of this report. It is an excellent
tool as a research/laboratory model and is much more efficient than such waveguide models as
MLAYER. However, problems with the restrictions on Ia,4 mentioned above should be investi-
gated further.

5.2 SURFACE LOSS FUNCTION

While the SLF model does not depend on a single grazing angle (and hence the assumption
of a dominant mode), it does assume that the spectral decomposition of the field is appropriately
attenuated by the loss function as determined by the p-space angles within the surface layer. No
concrete explanation can be given as to why this model did not work as well for the evaporation
duct environment as it did for the surface duct environment. However, one possibility may be
that when dealing with a more complicated refractivity environment, which results in a good
number of modes being propagated, the SLF model cannot sufficiently account for the attenua-
tion of all the modes. This is seen from the fact that there were almost twice as many modes
being propagated for the evaporation duct as for the surface duct (as determined by MLAYER).

Another disadvantage of this model is in determining the optimum height, d, for the surface
layer. Moore-Head, Jobst, and Holmes [9] suggest estimating d from the Rayleigh resolution cri-
terion for linear diffractors, 1 = 0, where X is the wavelength in meters and 0 is the angle to be
resolved. For the cases presented in Section 4.0, a maximum propagation angle of 1.3 degrees
was used, making the mesh height, Az, 0.64 meter at 10 GHz and 0.32 meter at 20 GHz. The
surface and transition layers (2d) were chosen to correspond to 16 Az, making d=5.2 meters at
10 GHz, d=2.6 meters at 20 GHz, and 0=0.33 degrees. For the most part, these values for d
seemed to work well; large differences, however, can occur in the results if too small or too large
a value for d is chosen. Figure 29 shows a comparison with MLAYER corresponding to figure
20a, with additional SLF results using 8-pt (d=2.6 meters) and 32-pt (d=10.3 meters) surface
layers. The differences are substantial.

An advantage to using this model is that it is simple to implement and can also adequately
model vertical polarization and finite conductivity. As an example, the loss function, L(p), was
slightly modified to ipclude the magnitude of the Fresnel (vertical polarization) reflection coeffi-
cient: L(p) = (IR4Q )P. Figure 30 compares the SLF model with MIAYER for the surface duct
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environment using vertical polarization and a smooth surface. A long receiver range of 400 km
is used for this case to show the large difference occuring between horizontal and vertical polar-
ization for MLAYER. The SLF model shows excellent agreement for this case.

Along with ease of implementation, this is a more efficient model than the MT model since
only sine transforms are needed to determine the solution. The field is initially determined by
using a smooth, perfectly conducting boundary, which produces a solution with odd symmetry.
Therefore, the field is propagated by using only sine transforms, and all finite conductivity and
rough surface effects are accounted for by applying the loss function, L(p).

5.3 APPROXIMATE SOLUTION

Mathematically, the AS model may be the best one to use, since it is grazing angle-indepen-
dent; its main disadvantage, however, is that it is the poorest performer of the three. This is not
due to the mathematical derivation of the algorithm, but perhaps to the numerical implementa-
tion. For instance, the surface mixing length, 4, given by Eq. 9, may not be the best choice. To
demonstrate, the same test case will be used as shown in figure 30, in which vertical polarization
and smooth surface are assumed. Although only horizontal polarization and perfect conductivity
have been presented for this model, the AS model is well-suited for modeling finite conductivity
and vertical polarization. From Eqs. 1, 5, and 7, the impedance boundary condition for a finite-
conducting, rough surface is simply

V(z = 0,r) + [7(r) - jZl=O = o

In which case, Eq. 8 is replaced with

10- 6M(z) - [,i(r) -

A smooth surface will be used for this case so that no question will arise about the validity of the
sea wave spectrum and the realization of r7(r) being implemented in the model. The only param-
eter now in question is 6"(z)--specifically, the surface mixing length, L, used in its imple-
mentation.

Figure 31 shows the AS model vs. MLAYER for vertical polarization. The MLAYER result
for horizontal polarization is also shown. Here, the AS model agrees poorly with MLAYER and
shows just slightly more attenuation than the horizontal polarization result. L, is continually
varying, since it is determined by the field at each range step. The amount of variation is shown
in figure 32, which displays L4 vs. range. A second comparison was made for the same case as in
figure 31; however, Ls was arbitrarily chosen to be constant and equal to the mesh height-in
this case, 0.64 meter. The result is shown in figure 33. There is much better agreement with the
vertical polarization result for MLAYER, but much more oscillation appears in the field at high-
er heights. Further investigation should be made to determine the best choice for Ls. This param-
eter may be just one among others (in the numerical implementation of the rough surface model)
to contribute to the poor agreement with MLAYER for the cases presented in Section 4.0.
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The biggest attraction in using this model is that it is the most numerically efficient of
the three. All environmental effects (i.e., refractivity, finite conductivity, rough surface) are in-
cluded in a single exponential term, which need only be computed once (for a range-
independent case) in the initial calculation of the field. Also, the field is propagated by using
only sine transforms.

6.0 CONCLUSIONS AND RECOMMENDATIONS

The split-step PE rough surface models investigated in this paper were compared with a
waveguide model, MLAYER, for two homogeneous refractivity environments and wind speeds
of 10 m/s and 20 m/s. MLAYER was shown to accurately predict radiowave fields in the pres-
ence of strong wind speeds and was, therefore, used as a reference model. The MT and SLF
models consistently agreed with results given by MLAYER; however, the AS model showed the
poorest agreement, giving differences in predicted field values as much as 40 dB for some cases.
While all three methods can model finite conductivity and vertical polarization, only the MT
model has shown it can accurately do this.

The MT model is dependent on the incident angle of the field at the boundary. Since the
grazing angle cannot be explicitly determined within the split-step algorithm, some form of
spectral estimation must be performed. The single-mode assumption that this implies can lead to
incorrect results for some cases, as discussed in Section 5.1. The SLF and AS models are more
advantageous to use in this respect, since they are not dependent on a single grazing angle. The
AS model relies on a statistical knowledge of the sea surface to determine the field, and the SLF
model uses a mode theory approach in attenuating the field below a surface layer. However, fur-
ther investigation needs to be done in order to determine the optimum height of this layer for
varying frequencies and refractivity environments.

The MT model is, perhaps, the most mathematically rigorous of the three, yet it is the least
efficient whereas the AS model is the most numerically efficient but shows the poorest match to
MLAYER. In using one of these methods to model rough surface effects, whether it be over
ocean or variable terrain, a satisfactory compromise may be to use some form of the SLF model,
since it is shown to agree fairly well with MLAYER and is still numerically efficient.

A split-step PE model that uses the MT model would be an excellent research/laboratory
tool, since it is still more numerically efficient than current waveguide models and has been
shown to consistently match waveguide results. As an operational model, some form of the SLF
model would most likely be the best choice.
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Figure 1. Grazing angle vs. range for 45.7-meter surface duct, 10 GHz.
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Figure 2. Predicted and measured absorption-free loss vs. time for November
7-9, 1972, 37.44 GHz, receiver height at 3.6 meters.
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Figure 3. Prediction and measured absorption-free loss vs. time for November
7-9, 1972, 37.44 GHz, receiver height at 8.6 meters.
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Figure 7. Coverage diagram from TPEM for sea surface realization at 20-m/s
wind speed, 45.7-meter surface duct, 10 GHz.
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Figure 8. Height vs. propagation loss comparing TPEM with MLAYER at
receiver range of 200 km for case shown in figure 7.
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Figure 9. Coverage diagram from TPEM for sea surface realization at 20-mis
wind speed, 45.7-meter surface duct, 20 Gliz.
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Figure 10. Height vs. propagation loss comparing TPEM with MLAYER at
receiver range of 100 km for case shown in figure 9.

21



2W9 TPEM VER: 1.2
FREO MHz 10000.0
POLARIZATION HOR
ANT HT m 25.0
ANT TYP OMNI
VER BW dog N/A
ELEV ANG dog N/A

MU

46,

8 48 80 120 168 2M
RANGE (k1m)

LOSS•i8iiýýr1 148i145n1m5i i n1' r di

Figure 11. Coverage diagram from TPEM for sea surface realization at
20-m/s wind speed, 24-meter evaporation duct, 10 GHz.
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Figure 12. Height vs. propagation loss comparing TPEM with MLAYER at

receiver range of 200 km for case shown in figure 11.
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Figure 13. Coverage diagram from TPEM for sea surface realization at
20-m/s wind speed, 24-meter evaporation duct, 20 GHz.
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Figure 14. Height vs. propagation loss comparing TPEM with MLAYER at
receiver range of 100 km for case shown in figure 13.
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Figure 15. MT vs. MIAYER for smooth surface and vertical polarization,
45.7-meter surface duct, 10 GHz.
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Figure 16. M.AYER results for 10 GHz, 10-m/s wind speed, 45.7-meter
surface duct vs. (a) AS and SLF and (b) MT.
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Figure 17. MT vs. MLAYER for smooth surface and vertical polarization,
24-meter surface duct, 10 GHz.
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Figure 18. MLAYER results for 10 GHz, 10-m/s wind speed, 24-meter
evaporation duct vs. (a) AS and SLF and (b) MT.
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Figure 19. MLAYER results for 10 GHz, 20-m/s wind speed, 45.7-meter
surface duct vs. (a) AS and SLF and (b) MT.
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(b)

Figure 20. MLAYER results for 10 GHz, 20-m/s wind speed, 24-meter
evaporation duct vs. (a) AS and SLF and (b) MT.
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Figure 21. MT vs. MLAYER for smooth surface and vertical polarization,
45.7-meter surface duct, 20 GHz.
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Figure 22. MLAYER results for 20 GI-L, 10-m/s wind speed, 45.7-meter
surface duct vs. (a) AS and SLF and (b) MT.
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Figure 23. MT vs. MLAYER for smooth surface and vertical polarization,
24-meter surface duct, 20 GHz.
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Figure 24. MLAYER results for 20 GHz, 10-rn/s wind speed, 24-meter
evaporation duct vs. (a) AS and SLF and (b) MT.
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Figure 25. MLAYER results for 20 GHz, 20-m/s wind speed, 45,7-meter
surface duct vs. (a) AS and SLF and (b3) MT.
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Figure 26. MLAYER results for 20 GHz, 20-m/s wind speed, 24-meter
evaporation duct vs. (a) AS and SLF and (b) MT.
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Figure 27. MLAYER vs. MT for 1/30 cut-off. 10 GHz, 45.7-meter surface
duct and 20-m/s wind speed.

- FREC MHz 20000

POLARIZATION VER
TRAN HT m 25.00

1W RANGEkm 100
ANT TYPE OMNI
VER BW dog 0.00
ELEV ANG dog 0.00

020

W
Z .~,MLAYER

- MT- 1/30 cut-off

T. ~ MT -1/200 uOA-ff
4•

- *

48--: ""i -

2 268 248 228 2N8 188
PROPAGATION LOSS (dB)

Figure 28. MLAYER vs. MT for 1/30 and 1/200 cut-off. 20 GHz,
45.7-meter surface duct and 20-m/s wind speed.
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2i
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I
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48-
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PROPAGATION LOSS (d0) FREE SPACE ................

Figure 29. MLAYER vs. SLF for 4-pt (d=2.6 m), 8-pt (d=5.2 m), and 16-pt
(d=10.3 m) surface layer heights. 20 GHz, 24-meter evaporation duct and 10-rn/s
wind speed.

FRED MHz 10000
TRAN HT m 25.00
RANGE km 400
POLARIZATION VER
ANTlTYPE OMNI

MLAYER
SLF

-- . MLAYER-H POL

88--

228 288 188 168 148 128
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Figure 30. MLAYER vs. SLF for smooth surface, vertical polarization,
45.7-meter surface duct, 10 GHz.
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Figure 31. MLAYER vs. AS for smooth surface, vertical polarization,
45.7-meter surface duct, 10 GHz.
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Figure 32. Surface mixing length vs. range for case shown in
figure 31.
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Figure 33. MLAYER vs. AS for case of figure 31 with surface
mixing length = 0.64 meters.
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