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ABSTRACT. Several mathematical models for describing VLF 
radio wave propagation in the earth-ionosphere waveguide have 
been presented in the lit rature. The Wave Hop modE'l and the Wa·-1e-
guide mode model are investigated. · 

The computerized versions of these propagation models a·.re ex
amined by comparing the computed electric field strengths obtained 
for each model when using the same input parameters. It is found 
that the two models as they now exist do not produce exactly the same 
computational results, and that the degree of difference between the 
two computations is dependent upon propagation frequency and the 
electron-density profile used for the ionosphere. 
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Naval Weapons Center. COMPARISON OF WAVEGUIDE AND WAVE
HOP TECHNIQUES FOR VLF PROPAGATION MODELING, by P G. 
Morfitt and R. F. Halley. China Lake, Calif., NWC, 4 .A.uguat l 970. 
58 pp. (NWC TP 4952.) 

Make the following pen and ink changes: 

1. Page 36, Figure 13. In legend, change frequency 28.125 kHz to 
15.567 kHz. 
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2. Page 46. Equation (3) in the 1ummationl:_Ej' change j:O to j=l. 
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INTRODUCTION 

The Naval Weapons Center Corona An.nex (NWCCA) has been tasked 
by the Defense Atomic Support Agency (DASA) to investigate, with th 
aid of the oblique-incidence VLF ionospheric sounder developed at the 
Corona Annex (see Ref. 1 ), the accuracy with which VLF radio-wave 
propagation can be predicted. This is to be accomplished by correlating 
the sounder signals experimentally recorded at opecific locations along 
a propagation path with the values predicted by variot1.s existing theoret
ical VLF propagation models. 

Several models pplicable to VLF radio-wave propagation have been 
described in the literature. Some of these have been made available in 
the form of digital computer programs which provide a convenient means 
for obtaining full-wave cakulations of VLF field strengths. An excellent 
summary of these existing VLF computer codes is presented in Ref. 2. 

The objective of the VLF program at Corona is to determine which 
propagation environinents can be adequately represented or modeled by 
the existing computauonal techniques. Since certain environmental con
ditions cannot be handled with the computational techniques presently 
in use, an attempt is being made to determine the need for, or importance 
of, fo.rther refinements in the propagation models. 

T e VLF propagation model initially incorporated into the propa
gnion studies at the Corona Annex was the Wave Hop theory developed 
by L. A. Berry of the Environmental Science Services Administration 
(ESSA) (Ref. 3). This model was cho~en initially because it was readily 
available in th~ form of a FORTRAN language digital computer program 
referred to as WAVEHOP (Ref. 4). Results obtained at the Corona 
Annex for the VLF propagation environment using this model have been 
documented in Ref. 5, 6, 7, and 8. 

Under certain propagation conditions major inaccuracies exist in 
the generally available WAVEHOP computer program (see Ref. 4). The 
WAVEHOP program presently being used at Corona has been modified 
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to corr ct for th s d ficiencie • A discussion to d monstrate the 
importanc of the cori·ections is pr sent d in the Appendix. 

On of the inputs to the propagation model for predicting the VLF 
signal str ngth as a function of propagation range is an electron-density 
profil of i:he ionosphere. The "best-fit" profiles obtained in matching 
experimental sounder data for a variety of environmental conditions 
for daytim and nighttime propagation are discussed in the previously 
referenced Corona Ann x publications. 

It is of interest to compare the field-strength levels computed by 
WAVEHOP to thos predicted by VLF propagation models developed at 
other organizations. A second computerized propagation model (see 
R ,f. 9), based on wav guide mode theory and developed at the Naval 
Electronics Laboratory Center (NELC), San Di gc, has been adapted 
to the Corona Annex computer, an IBM 360/ 50, to make theoretical 
calculations of VLF fields. 

This report presents a comparison of the electric field strengths 
predicted by the ESSA WAVEHOP and the NELC WAVEGUIDE com
puter programs for the same set of environmental input conditions. 

THE PROPAGATION MODELS 

THE WA VE HOP MODEL 

Of th several VLF radio propagation models described in the 
lit rature, most are based on waveguid mode theory. The Wave-Hop 
th 'Ory (se Ref. 3) provides full-wave solutions for the propagation of 
VLF radio waves between a homogeneous. spherical earth and an arbi
trary, stratified ionosphere. This model is analytically and numer
ically equivalent to VLF mode theory, but the concepts are asymptot
ically related to HF ray-hop theory or geometric optics. This model 
decomposes the mode solutions into more geometrically meaningful 
compon nts referred to as wave hops. The field at some distant point 
is consid r.ed to be the sum of the individual rays or hops. such as the 
direct or ground wave, plus the ray that has been reflected once from 
the ionosph re, plus the ray that has been reflected twice from the 
ionosph re and once from the ground, and so on. 

2 
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Since the different rays will arrive at the receiver at different 
times because of the different lengths of the paths they hu.v-e trav~led, 
they are sometimes called time-modes to indicate this separation in 
time. 

It is important to point out that the fornwlas used to compute the 
wave hops can be derived rigorously from the same complex propaga
tion integral as found in the usual waveguide mpde theories. The indi
vidual wave hops are computed taking into account the effects of diffrac
tion and surface wave propagation. 

The actual computer program for computing the radial electric 
fields using the Wave-Hop model consists of two parts, TUIK and 
WAVEHOP (see Ref. 4). The first part, TUIK, calculates the iono
spheric reflection coefiicients of an arbitrary stratified ionosphere as 
a function of the angle of the wave hop on the ionosphere, the propaga
tion frequency, the magnitude and dip angle of the earth's magnetic 
field, the magnetic direction of propagation, a collision frequency pro
file, and an electron-density profile. The WAVEHOP program computes 
the vertical electric field at the receiver as the vector sum of individual 
hops and the gronnd wave. The inputs to WAVEHOP are the ionospheric 
reflection coefficients from TUIK, the propagation frequency, ground 
conductivity, relative dielectric constant of the earth, the propagation 
range, and the effective ionospheric reflection height. 

THE WAVEGUIDE MODE MODEL 

The waveguide mod.e theory as developed at NELC (see Ref. 10, 11, 
and 12) obtains the full-wave modal solution for a waveguide whose up
per boundary has an arbitrary electron density distribution with height 
and whose lower boundary ia a smooth homogeneous earth. In this 
theory, the electromagnetic waves are considered to propagate between 
the earth and the ionosphere as normal modes, analogous to microwave 
propagation in a lossy waveguide. 

The modal equation for propagation within the earth ionosphere 
waveguide is solved for as many modes as dP-sired. The eigenvalues 
(or eigenangles) so obtained are th•m used in a modal summation to 
compute the total field at some distant point from the transmitter. The 
effects of earth curvature are included in the calculation. The eigen
angles are the angles of incidence at the height where the modified 
index of refraction becomtis unity. The radial electri(? field is comput d 

3 
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s a function of th earth's magn tic field parameters, a collision 
fr qu ncy profit , an electron density profile, propagcltion frequency, 

nd th r lativ dielectric constant and conductivity at the earth over 
the propa~ation path. 

The comput r program develop d around this mode theor is docu
m nted in Ref. 9. The computer program will be referred to as 
WAVEGUIDE. 

PROGRAM COM PUT A TIO NS 

Among th input parameters to these computerized propagation 
mod ls is an el ctron density profile of the ionosphere. The profiles 
cho n for th s, comparisons are the exponential distributions de
scribed in R !. 13. These profiles were chosen as they are the most 
commo.nly ref :renced in the literature for theoretic.a.I calculations of 

. VLF propagation. The valu s of electron density N(Z) as a function 
of h ipht Z, in kilometers, are calculated fro n the equation 

w h "r 

~ 

0 

h' 

(Z) = exp ('3-_0.15 •~ - (3h' + 0. 15(70) 
0 

0.5 km 
-1 

= 
3 3 electrons/ cm 

1 
= 

= 70, 75, 80, 85, and 90 km 

wh r h
1 

= 70 km corresponds to the ambient daytime profile and 
h' = qo km to th ambient nighttime profile. Figure 1 shows the height. 
versus electron d nsity relationship for the profiles (3 = 0.5 km- 1, 

1 
• ' ' ' d h' 90 k h = 70 km, h = 75 km, h = 80 km, h = 85 km, an = m. 

The propagation path chosen for this comparison was that used 
for xp rim nta 1 work at Corona Annex. A transmitter station is lo
cat don th island o! Hawaii (155.60°W, 19.642°N) with a propagation 
path passing through receiver coordinates in Southern C::llifol'nia 
(116.625 °W, 34. 533°N ), with a path length of about 4.2 megameters. 
Th path is considered to be entirely over sea water . 

• 
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FIG. 1. Electron Deneity Profilee for a Conductivity 
.Parameter of .13 = 0.5 km·1 • 

As described in Ref. 13 the collision frequency was cho~en to be 

where 

v = v exp (-a.Z) 
0 

VO = 1.82 x I 0
11 

collisions/ sec 

-4 -1 
a. = l.5X 10 meters 

z = meters 

The s .a water propagation path paramders were pern:,__ittivity and 
conductivity. The permittivity is 

€ = 7.172015 X 10-lO 

E 
0 

= 8.85434X 10-1,l 

farads 
metll!r 

farads 
meter 
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or 

E = ..!.. = 81 r E 
0 

v;h r 

E = permittivity of the medium 

€ = permittivity of free space 
0 

€ = relathre permittivity r 

Conductivity is given as a- = 5.0 mhos/meter. The propagation path 
us d for the se computations may be assumed to be a horizontally homo
g n ous waveguide, and t.'lus the earth's magnetic-field parameters 
along th propagation path may be ,,usigned the values at midpath (see 
Ref. 14). Th magnetk parameters at mid path were 

IH r e 
-5 2 = 4.25 x l 0 w~bers/meter 

Dip = 50 deg (WAVEHOP) 

Co-Dip = 40 deg (WAVEGUIDE) 

Magnetic azimuth = 50.633 deg 

Propaization frequencies were 15.567 kHz and 28.125 kHz. 

The angles of incidence used in TUIK consisterl of a range from 
41 d g to 82 deg, The increment between tht se angles was chosen so 
that the phases of the ionospheric reflection coefficients obtained would 
be close enough to insure a smooth curve (no discontinuities because 
of :tl 80 deg changes). Interpolation is used to determine the reflection 
co fficient phases at the particular geometrical in•idence angles of 
each hop on the propagation path; therefore, a continuous phaeae is 
mandatory. 

The determination of the effective ionospheric reflection height 
used in WAVEHOP is based on the ass·umption that the upgoing field 
will be a maximum when it enters the ionosphere. Tb.e field should 
th n decrease with height due to reflection and absorption, until a value 
approximately l O dB below the original field level remains. The height 
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so obtained is taken as the effective reflection height. This height also 
corresponds to a level about one-skin depth above the heigb.t where the 
rate of reflection of the incident wave maximizes. The most important 
re!lection of the wave occurs within an altitude range of several kilo
meters centered at or near the height of maximum reflection, as d"is
cussed by Field and Engle (see Ref. 15). and the actual choice of the 
reflection height to be an input to WAVEHOP may vary over a few kilo
meters without significantly affecting the output field strength. For 
long VLF propagation paths, the angle of incidence is about 82 deg for 
the most important hops, and the reflection height which Vl{as deterr.nined 
for this an11 :-' was used in the computations. The WAVEHOP program 
was implemented using the values as shown in Tables 1 and 2. 

TABLE l. Frequency and Reflection Height Param-
eters Used in WAVEHOP Computations. 

Frequency, 
Reflection 

Profile height, kHz 
.Km 

(3 0.5 km 
-1 h' = 70 km 15.567 66.6 = , 

28.125 68.2 

f3 0.5 km 
-1 h' = 75 km 15.567 72.8 = , 

28.125 73.5 

f3 0.5 km 
-1 h' 80 km 15.567 7q.4 = ' 

.. 
28.125 80.6 

f3 0.5 km 
-1 h' 85 km 1 S.'567 86.3 = ' = 

28,125 88.1 

f3 0,5 km 
-1 

= ' 
h ' = 90 km l 5.567 94.0 

28,125 95.4 

The choice of ef lection height values shown in Table 1 is not too crit
ical in that the field strength values computed using reflection heights 
of 65 km :1:5 km for the profile f3 = 0.5 km-1, h' = 70 km were found to 
be nearly equal. Also, for the profile 13 = 0.5 km-I, h' = 90 km pro
file, the values of th computed fields were found to be nearly equal 
for a reflection height of 95 km :1:5 km. The WAVEGtT:DE program 
was implemented using the values shown in Table 3. 

,. 

7 
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TABLE 2. Distance and Number of Hops Used in 
WAVEHOP Computations. 

Profile Distance, No. of 
km hops 

-1 1000-2000 s 

" = 0.5 km h' ~70km 2000-3000 6 ' 3000-8000 9 

-1 1000-2000 5 
~ = 0.5 km h' = 75 km 2000-3000 6 ' 3000-8000 9 • 

-1 
1000-2000 5 

~ = 0.5 km h
1 = 80 km 2000-3000 6 r 

3000-8000 9 

-1 1000-2000 5 
~ = 0.5 km h

1 = 85 km 2000-3000 7 ' IC 

4000-8000 9 

-1 1000-2000 5 
~ = 0.5 km h' :-90km 2000-4000 7 , 

4000-8000 10 

8 
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TABLE 3. Height Parameters Used in WAVEGUIDE Compu
tations. 

~ 

(3 

(3 

'3 
(3 

-
Profile a 

D,km 
b 

H, km REFLHT~km 

-1 -
= 0.5 km , h' :: 70 km 30 70 70 

= 0.5 km 
-1 

h' = 75 km 40 , 75 75 

= 0.5 km 
-1 

h' = 80 km , 50 80 80 
-1 

' = 0.5 kr.1. h' = 85 km I 50 85 ' 85 , 
! 

= 0.5 km 
-1 

h' = 90 km 50 90 ' 90 

a 
D = The height below which ionospheric effects 

can be considered negligible relative to 
b earth-curvature t!f!ects. 

H = The height which represents physically the 
height at which the modified refractive index 
becomes unity. This is the height at which 

c the eigenangles are measured. 
REFLHT = The height chosen to be a reasonable esti

mate of where reflection occurs. 

Fror:1 the standpoint of program running time, it is desirable to 
choose D as large as possible since this minimizes the time involved 
in integrating the modal equation through the ionosphere. This com
putation is the most time consuming pa.rt of the WAVEGUIDE program. 
Care must be exercised to insure that the value of D be chosen low 
enough that the eigenvalue (eigenangle) solutions have stabilized 'see 
Ref. 10). 

The values of D, H, and REFLHT presented in Table 3 need not be 
precise, because different values may be used to obtain the same fi:eld 
strength values. For example, four sets of values for D, H, and 
REFLHT were 'J.sed with the (3 = 0.5 km-1, h' = 70 km profile from 
which identical field strengths resulted. The four sets of Jcilometer 
values for D, H, and REFLHT were, respectively, 30, 50, 70; 50, SC, 
70; 30, 50, 65; and i:;o, 50, 65. 

A similar investigation was made for the (3 = 0.5 km-1 , h' = 85 km 
profile. The values used for computing field strengths were 3C', 85, 85 

9 
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km; 50 , 50, l:: S km; and 50, 50 90 km, for D, H, and REFLHT, 
:respectively, Again identical field strength results were obtained. 

Summaries of the parameters obtained from the WAVEGUIDE com
putations are found in Tables 4 through 13 f or the five electron-density 
profiles at the two frequencies shown. In these tables, the real and 
imaginary parts of th e igenangles of the various modee are listed 
under Theta . As shown in the tables, when the real part of Theta 
increases, the irriaginary pa.rt generally inel'eases in value, The ratio 
of phase velocity in the medium to that in free space is V/C. The ratio 
V /C is seen to decrease with increasing real eigenangle, indicating a 
decreasing phase velocity or increasing refractive index. The impor
tanc of a given mode is determined by the attenuation and excitation 
fac tors . The most dominant mod,e is described by a low attenu,.tion 
value and a large positive excitation value. The tables illustrate that 
the att nuation(dB/megameter)decreases with increasing r.eal angle of 
incidence. The Po]arization Magnitude term is a measure of the extent 
of polarization mixing (see Ref. 12). Values of this parameter which 
are much greater than unity indicate a nearly pure TM mode (vertical 
polarization) while values much le ss than unity indicate a pure TE mode 
(horizontal polarization}. Values of the ratio close to unity indicate that 
a nearly equal mixture of TE and TM components comprise the mode. 
The tables indicate that for these frequencies, the modes which are 
quasi-TM are more important in the mode sum than those which are 
quasi-TE, in that the quasi-TM modes are more highly excited. A 
convenient rule of thumb in insuring that all modes are being used in 
the computation for the fields is that the polarization term should alter
nate between valqes greater than one and less than one. This relation
ship is illustrated in Tables 4 through 13. Table 9 does not follow the 
relationship at 82.661 deg and 82.890 deg. This would indicate that a 
mode was missed with a real eigenangle between these two values. It 
was not possible, however, to find such an eigenvalue, The computa
tions of Table 11 indicate a similar problem between 80.81 2 deg and 
82.654 deg, while Table 13 shows that this occurs between 80.874 deg 
and 82.658 deg. This could be explained as follows : sc.me eigenangles, 
particularly at 89 deg, have small attenuation rates but also very small 
excitation factors and consequently have little effect on the total electric 
field strength value. These are called "earth-detached" modes, (see 
Ref. 16) . The foregoing eigenangles, in particular 82.661 deg and 
82.890 deg from Table 9, 82.654 deg from Table 11, and 82,658 deg 
from Table 13, may a ls o be considered earth-detached and as such their 
behavior in th e polarization magnitude scheme might be explained. 
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Examples illustrating the relative field-strength ma~nitudes for 
th individual waveguide mode components and the wave-hop compo
nenh of the total field are presented in Fig. 2 and 3, respectively. 
These results are determined for the daytime ionospheric profile 
j3 = 0.5 km·1, h' = 70 km, at 28.125 kHz. It is shown in Fig. 2 that 
on!y three modes, all of whkh are oft.he quasi-TM type, are necessary 
to completely describe the propagated field for this case; and at ranges 
beyond about 4 megam ters two modes are sufficient. Table 5 illus
trates that many modes can be computed for this profile and propagation 
frequency, but only those modes with low attenuation rates and high 
excitation factors are important in comprising the total mode sum of 
the fields. 

A similar breakdown of the wave-hop computation is shown in Fig. 
3. For the range 1.0 to 8.0 megameters, it is observed that energy 
traveling by the way of the ground wave, and the one-hop path, two-hop 
path, and so on up to a seven-hop path, can be important in the total 
propagated field. The actual significance of any hop path depends on 
the particular range of interest. At 1 megameter only the groundwave, 
one-, two-, and three-hop paths are important. At a distance o.f 4 
megameters the ground wave is completely negligible, but the four
and five-hop paths have become significant. At 6 megameters the one
hop path is no longer important,. but the six-hop path must be included 
in the total field-strength computation. Beyond 8 megameters the two
hop path is no longer of value, but the seven-hop path must be included 
to obtain the total field. 

In general, for the propagation ranges coneidered here, it may be 
inf erred that for the waveguide model at least two but no more than three 
modes must be incl'tlded in the computatiou for the total field strength 
levels for the daytime ionosphere. On the other hand, as many as five 
wave-hop components are needed to describe the same fields by the 
wavehop theory. 

The waveguide mode and wave hop comparison for nighttime signal 
levels is illustrated in Fig. 4 and 5, respectively, for the profile 
'3 = 0.5 km-1, h' = 85 kmat 28.125 kHz. It is observed for the wave
guide model in Fig. 4 that as many as eight modes are important at 1.0 
megameter for the nighttime condition, whereas for the daytime situa
tion only three modes were significant, It is apparent, however, that 
most of these modes attenuate, rapidly with distance so that beyond 5 
megameters only four modes are really significant to the makeup of 
the total field level. An examination of Table 11 demon1trate that the 
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two most dominant modes (th t is, No. 1 and 3 of Fig, 4) are not as 
purely quasi-TM s w s found for the daytime condition of Table 5, 

Figure 5 illustrates the wave-hop field components for the night ~• 
time case. It ia observed here, as was demonstrated for the daytime 
situation, that several wave-hop paths mu t be considered when deter
mining the total signal strength available at any given range. Com
parison with the daytime results shows that, in general, a larger num
ber of wave hops are important for nighttime propagation, where as 
many as seven wave-hop components are significant at 5 megameters. 
Also, where only four or less modes would be cons:f,dered significant 
beyond 5 megameters, in the waveguide model, it is apparent from 
Fig. 5 that at least seven wave-hop components would need to be 
included in determining the total field for these ranges. 

DISCUSSION OF RESULTS 

The field-strength valuen computed from the WAVEHOP and the 
WAVEGUIDE compu'ter programs, using the input parameters as 
described previously, are illustrated in Fig. 6 througl. 19 R.S a function 
of propagation range. The field-strength values were computed at 
25-km intervals. The frequencies of propagation are 15 .56 7 kHz and 
28.125 kHz. The electron-density profiles a-re identified as j3 = 0.5 1crn·1 

h' = 70, 75, 80, 85, and 90 km. The propagation path is entirely over 
sea water. The computed fields are normalized to 1 kW of radiated 
power at each frequency. 

Figure 6 shows the comparison between the field strength values 
computed using WAVEHOP and WAVEGUIDE for the j3 = 0.5 km· 1• 
h' = 70 km, (daytime) profile at 15,567 kHz. In general, the agreement 
between the two calculations appears to be good. The average attenua
tion rates of both signals are almost identical, and the amount of modal 
interference structure predicted ill essentially the same for the two 
propagation models. This structure disa.ppiears, however, beyond 6 
megameter , where the two computations difhr by a maximum of 2 dB. 
At the 4.2 megameter distance, which is the length of the path used by 
the Corona Ann.ex in obtaining VLF measurements, the value of the field 
strength computed uaing W AVE:HOP is seen to be 1.5 dB higher than that; 
obtained from WA VE GUIDE. The most noticeable di crepancy between 
the two curves is that th signal levels computed by WAVEHOP tend to 
occur at distances of about l SO to 200 km greater than where the same 
values of signal levels are computed by WAVEGUIDE. The actual value 
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of this difference interval varies with the propagation range, with the 
smallest discrepancy occurring closest to the transmitter. 

Figure 7 illustrates the comparison between field strength levels 
for the profile ~ = 0.5 km· 1, h' = 70 km, for a frequency of 28.125 kHz. 
It is of intereot that the modal interference computed for this frequency 
is much greater than that found for 15.567 kHz. The agreement between 
the field strengths obtained by the two computational methods is fairly 
good, except in the vicinity of the signal nulls. These nulls are the 
result of destructive interference in the vector surn.mation of the field 
hops (or modes). The nulls computed by WAVEHOP occur at a slightly 
greater range than the cor1·e ponding nulls computed by WAVEGUIDE. 
As for the 15.567-kHz fields, the values computed by WAVEHOP occur 
at approximately 150-to 200-km greater distances than do similar 
values computed by WAVEGUIDE. Alsc,, ·the location of the null con
taining the deepest signal fade doe• not coincide for the two models. 
The deepest null foWld from the WAVEGUIDE computation is located 
at 4.50 mega.meters with a shallower null located at n.25 mega.meter • 
The WAVEHOP computaHon, however, shows the shallower null at 
4. 75 megameters and tJ<1e deeper null positioned at 6.50 mega.meters. 
At the 4.2 megameter d1stance the WAVEHOP signal level is computed 
to be 4.0 dB higher than that computed using WAVEGUIDE. For a re
ceiver located at the 4.5-megameter distance, the two models yield 
signal levels which differ by as much as 20 dB. 

In a first attempt t o determine the reason for the differences in 
the field levels obtained for the two models, the ionosphere electron 
density profile used in the WAVEHOP program was lowered 1 km in 
height. This lowered profile was then input to the WAVEHOP program 
with the result as shown in Fig. 8. The signal-level nulls from this 
calculation are seen to line up much beUer (in ra.nge) with those de er
mined from WAVEGUIDE. The relativf: depth of the signal nulls, how
ever, continues to differ considerably. The observation that the WAVE
GUIDE computation gives a field-strength level 15 dB below that of 
WAVEHOP for the signal null at 4.5 mega.meters and 15 dB above that 
of WAVEHOP for the null at 6 .25 mega.meters indicates thrt funda
mental differences do exist between the two propagation theories. 

The comparisons of the field strength value computed using the 
profile ~ = 0.5 km-1 , h 1 = 75 km for 15.567 kHz and 28,125 kHz are 
displayed in Fig. 9 and 10, respectively. The signal levels computed 
at 15.567 kHz by the two models are quite similar as a function of 
propagation distance. The average attenuation rates of the two field 
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curves appear to be essentially equal. Both calculations show deeper 
mode structures which increase to greater ranges than those found for 
the h' = 70 km profile at 15.567 kHz. A distance interval of 150 to 200 
km exists between equal data values computed by the two methods for 
this profile as was found for the previous profile. At the 4.2-mega
met r distanc the fields computed using the two models differ by 2 dB. 
There is also a difference of approximately 5 dB in the depth of the 
null computed by the two methods in the vicinity of 1.5 megameters. 
For the 28.125-kHz signal, the ~ = 0.5 km·1, h' = 75 km profile does 
not show as good an agreement between the signal levels computed by 
the two models as was determined for the cases so far considered. In . 
general, WAVEHOP is seen to predict slightly higher signal levels 
beyond 4.0 megameters than WAVEGUIDE. The largest deviation be
tween the two computations is 6 dB at 6. 75 megameters, while at 4.2 
megameters the difference is 2 dB. Again, the values computed by 
WAVEHOP tend to lead those of WAVEGUIDE by distance intervals 
ranging from 150 km at 1.5 megameters lO 250 km at 6 megameters. 
A lowering of the electron-density profile as input to the WAVEHOP 
computation would tend to improve the comparison between the two 
programs, but the relative depth of the interference nulls which are 
charac.:~eriltic of either model will remain unequal. This result is an 
indication of the presence of some dissimilarity in theory between the 
two propagation models. 

The comparisons between the computed signal levels obtained for 
the profile j3 = 0.5 km· 1, h' = 80 km are shown in Fig. 11 and 12. The 
patterns of field strength as a function of dietance for the two fre -
quencies are similar for the WAVEHOP and WAVEGUIDE methods. In 
fact, a shift inward of the WAVEHOP values would agree very well with 
the WA VE GUIDE results. The fields as now c ,:,mputed, however, can 
give large deviations between the two propagation models at a given 
distance. In particular, the discrepancy for 15.567 kHz (see Fig. 11) 
is 3.0 dB at 4.50,. 5.0, 5. 75, and 6.25 megameters; 2 dB at 4.2 mega
meters, and as much as 18 dB at 1.9 megameters. For 28.125 kHz 
(see Fig. 12) the dhcrepancy between the two models reaches 2 dB at 
several ranges. It is of inter.est that model interference structure is 
still prevalent as far out as 8.0 megameters in the fields computed for 
15.567 kHz, whereas the existence of interference structure has essen
tially disappeared beyond 7 megameters for 28.125 kHz. This result 
may be contrasted to the daytime profile, f3 ::: 0.5 km-1, h' ::: 70 km, 
where considerable interference structur~ was found throughout the 8.0 
megamet r range at 28.125 kHz and very little interference structure · 
was present beyond 5.5 megameters !or 15.567 kHz. 
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Figure 13 illustrates the fields computed for the profile ~ = 0.5 km- 1, 
h' = 85 km at 15.567 kHz. Both propagation models are seen to produce 
con iderable interference structure throughout the range shown. The 
depth of the null which occurs close to 4 megameters is een to be as 
great as 20 dB for both models. The differences in the signal level, 
between the two computations, is 12 dB at 4.2 megameters, and as much 
as 15 dB at 5. 7 megameters. The curves are generally similar in ap
pearance, and if the WAVEHOP fields were to be shifted inward by 
approximately 200 km, the agreement between the two computations 
would be much improved; however, some dissimilarities would remain. 
In particul~r the shapes of the nulls obtained from the two programs at 
approximately 2.5 and 4,0 megameters would not produce exact duplica
tion. 

The field strength comparison for the ~ = 0.5 km- 1, h' = 85 km at 
28.125 kHz is represented in Fig. 14. The signal levels of the two 
models are very similar throughout the propagation range. The devia
tion at 4.2 km is found to be 2 dB. In contrast to the daytime profile 
13 = 0.5 km- 1, h' = 70 km, where a much deeper mode structure was 
found for the 28.125-kHz signal than for the 15.567-kHz signal, this 
profile, which is a fair approximation of the electron densities expected 
at night, shows the greatest mode structure at the lower of the two fre
quencies. In fact, the interference structure at 8.0 megameters for 
15 .567 kHz is very significant, whereas for 28.125 kHz at 8.0 mega
meters mode interference appears to be quickly approaching a range 
where its effect will be negligible to the total field. 

Figures 15 and 16 portray the fields computed by the WA VEHOP 
and WAVEGUIDE propagation models for the J3 = 0.5 km·1, h' = 9~. km 
profile. ln Fig. 15 the modal interference structure is shown to be 
very strong throughout the range for 15.567 kHz. A close observation 
of the h' - 90-km curves verifies that the two computations yield similar 
signal-level characteristics throughout the range. In particular, both 
models yield deep, narrow nulls at approximately 1.25 megameters, 
narrow relative maximums at about 1. 75 mega meters, and somewhat 
similar nulls at 2.75-3.0, 4.S0-4,75, and 6.25-6.50 megameters. Also, 
the relative maximums have the same general shape at all ranges. The 
discrepancies b etween fh.ld-atrength values obtained from the two com
putation methods for a given range can '!:-e very great. The differences 
are found to be 6 dB at 4,2 megameters, &.:"ld as great as 18 dB at 6.25 
megameters. Again, if the WAVEHOP fiela levels could be shifted 
inward in range by an interval cf 200 to 250 '. tm, the compari!-1on of the 
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ri ld computed by WAVEHOP and WAVEGU E would b much im
pToved, lthou h th e ct h p and d pth of th null would still not 
be id ntical. 

Fi ure 16 ho, s th field comput tlons at 28.125 kHz for the pro
m ~ = 0.5 km- 1, h' = 90 km. T e two computation mod 1 produc a 
simil r field str n th pattern with range, but the ctual field s rength 
1 at a iv n range may be dr eticaUy different because of the 
ap r nt hift wUh distance between the two computations. ln particu-
1 r, th dHferenc in sign 1 level determined by the two methods is as 
much s 19 dB at 4.2 m gameters. It is apparent from Fig. 16 that if 
th U 1d values computed with WAVEHOP could b transformed i.nw rd 

pproxinliitely 200-250 km then the field 1 v ls computed as a function 
of prop gation range would lin up almost exactly with thos computed 
by\ AVEGUIDE. 

In ord r to determine why th diiferenc . 11 in the field patt rns 
exist, the electron density in th WAVEHOP model was first lowered 
by 1 km, a was done for th ~ = 0.5 km- 1. h' = 70 km profile. The 
re ult a th t the fields obtained f.or th h' = 90-km prof:ib, from the 
two mod 1 had greater similarity but stiU did not coincide. A 
Curth r lo erin of the profile used in WAVEHOP of 2 km yielded the 
fi ld- tr n th r ults as shown in Fig. l 7 where the a reement between 
the fielrl-s.tren th levels comput d using the two computer program is 
much im·proved. An adjustment of -1.5 km would probably give the 
optimum comparison b tween the two computations. Apparently, if the 
profil s as us d in the WAVEHOP mod l are adjusted downward in 
hei ht by om• optimum a nount, the two propag ti()n mod ls can be 
mad to provid resultant fi lds with much more imilarity. However, 

th model pr entl'f exist, th resulting fi.eld strength Lev 1 ob-
tained (unction of propag tion distanc, c n give drastic Uy differ-
ent r ults Cor a partic:ular receiver range. The major ramification of 
thi1 fact, in relation ti> the ionuspher c studies being conducted at the 
Coron Ann x, ls that a diff renf.: ionosph r:ic lectron-den ity profile 
would be n ,j d to fit xperime:n• Uy r corded dat , d pending on 
wh th r WAVEHOP 0 1: WAVEGUIDE were b ing used in the inv st'.gation. 

The reason for th di~cr pancies betw en the Ci ld str ngths calcu-
1 t ct by th two computer ·progr· m i not fully under tood t this tim • 
Th r sult of Fig. 8 nd 17 how tl. t much lmprov m nt in the gree
m nt b tween the two computations is achieved by low ring th iono-

ph ric cl ctron-d nsity pro!il us d a an input to th WAVEHOP pro
r m. An xpl n tion a to th rea on that this procedur p:ive field-
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trength valu s which compare favorably with thos obtained fr• .•m 
WA VE GUIDE hi possibly r lated to the method used within dach of the 
computer programs to d termin~ ion< spheric reflection codficients. 

In the computer program TUIK, which is used to compute reflection 
coefficients for the WAVEHOP propagation model, the continuous i'ono
sph r is approximated by one that is stratified, where the input 
electron-dr---.1111ity profil is divided up in.to a series of equally spaced 
layers, er.c!i of which is considered to b homogeneous throughout. The 
electron density of any layer is then assumed to be 1-hat of the midpoint. 
Th value of collisi' a frequency corresponding to a particular layer is 
al o a signed the vaiue at the midpoint. These midpoint values f 
lectron det\sity a;:,d collision frequency are then used in a proced1,re 

which matches the upgoing and downgoing wav fields at each layer 
boundary. The method used computes the fie 'lds at the highest layer 
and them couples the results into each successively lower layer until 
th bottom of the profile is reached. At this ~eight the reflection coef
ficiPnts characteristic of th particular electron-density profile and 
propagation frequer1cy are determined. Layer widtha of lel!ls than 0,5 
k for claytime and 0, 75 km for :nighttime are usually sufficient to sat
isfy th ll'equircd convE1rgence criteria (see Ref. 4), 

In the WAVEGUIDE program, the modal differential equation :l.s 
inte6 rated by a Runge-Kutta technique starting at some height above 
which negligible rP-ilection i.3 assumed to take place. The integration 
i carried thr".>ugh the ionosphere using a variable step size dependent 
1.m how rapidl·,1 the reflection coefficients at each step change with height. 
The ize of these steps reaches values of 0.01 km at the point of reflec
tion, anJ in so doing, the density profile more closely approximates a 
continuously varying ionosphere than is found by using the TUIK method. 

Because -.if the existing differences in layer (or slab) thickness used 
in th two mod ls, furthei- computations using TUIK at smaller layer 
increme:its w re attempted. Slab widths of 0.1 km, which are the 
11Jn1alle t pos sibl ·• with the Corona Ann x version of the computer pro
gram, did not r sult in any .i.nlprovement in agreement between the 
fiel<ls obtained from YI AVEHOP and WAVEGUIDE. Further study will 
b requir d if the discrepancie in signal level computed by the two 
propagation models are to be explained and cr-rected. 
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CONCLUSIONS 

In general, i'i: h apparent that the ESSA WAVEHOP and the NELC 
WAVEGUIDE con'lputerized propagation models, as they now exist, do 
not produce exactly th earn computational results when using the same 
input parameters. The de~ree of difference in the computed field
strength levels i found to be depencient upon the propagation frequency 
and the input electron-density profile. The field-strength levels com
puted by the two programs have baen shown in some instances to differ 
considerably when they are compared at a particular propagation dis
tance. The significance of the discrepancy betwe1!ln the two computa
tional methods depends on how the signal-level results are to be used. 
In some VLF communications applications where the field strength ver
sus distance relationship is not needed in detail, either program may be 
used with an equal degree 0£ confidence. However, for studies pertain
ing to the ,determination of characteri tics of the propagation media, a 
precise knowledge of the relationship between field-strength level and 
p?opagation distance is req'!lired. 

Investigations presently being made at the Corona Annex to deter
mine the electron-density profile which exists over a given propagation 
path for a given time interval throughout the day and/or night are 
strongly dependent upon the aetail which exists for signal levels as a 
function of propagation range. For the Corona. studies, the fields com
puted by the propagation model a:i:e useq in conju,nction with experimen
tally rf!corded VLF data by comparing the computed and measured sig
nal levels as obtained at a particular distance from the transmitter, 
Differences in the field strengths as computed by the WAVEHOP and 
WAVEGUIDE computer programs of'! dB and greater at the 4.2 mega
meter range, as described in this report, result in the determination of 
two unequivalent electron-density profiles being characteristic of the 
ionosphere during the period for which the experimental data was ac
quired. 

The original objective of this investigation was to determine which 
of the two computational methods was .the more su~table for use in the , 
interpretation of the VLF multifrequency propagation data being acquired 
at the Coro1111 Annex in terms of computer e.(ficiency, cost, and ease of 
operation. These original ~actors are now outweighed by the evident 
differences in computattional reaults. Temporarily ignoring this factor 
and addressing the original objectives, it ha been determined that use 
of the WAVEGUIDE method can be more economical for certain types 
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of comput tions if th eigenangle needed for the modal solution can be 
found without exten ive searching. Finding solutions for eigenangles is 

tri land error proces which for the inexperienced user can bP. diffi
cult nd time-cdnauming. The resulting computer costs are directly 
dependent upon this procedul'"· Because of th:is factor, dire~t com
parie on o{ costs with the WA VEHOP calculaU.ons is very difficult and 
cannot be quantitatively expressed at this time, except to indicate that 
the WAVEGUIDE re ults could easily straddle tle WAVEHOP costs, 
varying from ignificantly less to significantly g."eater , depending upon 
th-e kill of the operator. 

A note ol caution is cc,nsidered in order regarding the use of either 
of these programs by the "non-expert" investigator. Indiscriminate use 
of either program by inexperienced personnel without close communi
cation with originators is not recommended. Erroneous reaults from 
improper operation of WA VEGUlDE and WA VEHQP programs could 
occur. 

It has b en the experience at the Corona Annex that the adaptatiou 
and use of W AVEHOP is more straightforward and that it requires less 
skill to use, and the operator is less likely to miss an important signal 
component in the vector summation procer -, . In view of the differencea 
in computational results, it is evident that a further investigation is 
warranted in terms of general theory, approximations used in the theory, 
and special computational techniques used for computer adaptation. The 
initial approach to this inveetigation should be to make appr'opriate, 
comparative calculations which would clearly illustrate the source of 
the differences, I! these differen.ces cannot be easily explained on the 
basis1 of techniques, a propagation experiment could be designed which 
would make it pos·sible to test the representativeness of either model. 
It is also important to carefully select the frequencies and distances 
that would produce the greatest discrimination between the two models. 
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Appendix 

CORRECTIONS TO THE WAVEHOP PROGRAM 

In the original development of the wave-hop propagation model 
(Ref. 3 and 4) the jth wave-hop term wa1 computed as 

( 1 ) 

where l'j is the effective iono1pheric reflection coefficient for a plane, 
stratified, anisotropic ionosphere, and Ij ii a path integral which ac
count• for the effect• of ground conductivity, reflection, height, earth 
curvature, and propagation range. In the following Eq. 2, 'Vj ii com
puted from: 

where 

R 
m 

• 
·-R T m me 

T 
em 

-R T 
m mm 

(2) 

= the Fresnel ground reflection coefficient for horizontal 
polarization 

T = the ratio of the incident field in the plan,., of incitt ... nce to ee 

T 
mm 

T 
em 

T 
me 

the reflected field in the same plane 

= the ratio of the incident field perpendicular to the plane 
of incidence to the reflected field perpendicular to the 
plane of incidence 

= the ratio of the incident field in the plane of incidence 
to the reflected field perpendicular to it 

= the ratio of the incident field perpendicular to the plane 
of incidence to the reflected field in the pl ne of incidence 

45 



NWC TP 4952 

lt has recently been established, however, that the original ver ion 
of th wave-hop theory contained iseveral limitations and inaccuracies 
that wer not previously recognized or fully ap;,reciated. In particular, 
the formulation of the eHective ionospheric reflection coefficient for 
th second and higher order hops was incorrect for n anisotropic ion
o pher . The corrected equation should read (see Ref. 17 ): 

where 

For j = 

For j > 

wher 

with a 1 

46 
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0 

E, 
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N 

1' 

El 

1 ' 

E, 
J 

a. 
) 

C, 
) 

= 1' 

R 
e 

N 

= E +LE. 
o j=O J 

= the ground wave 

= the field for the jth wavehop 

= the number of wavehops 

= JF .(t)T dt 
J e 

= f F,(t)(a,T 7+ C.T )dt 
J J ee J em 

- R (T a + T C . ) - e ee j-1 e.m j-1 

= R (T a . . m me J-_. 
+ T C. 1) 

mm J-

c1 = 0, also 

= t.lie Fresnel ground reflection coefficient for vertical 

polarization 

F. = a new function of the propagation path 
J 

• 

(3) 

(4) 

(5) 

(6) 

(7) 
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The deficiencies in the model have been corrected and the individ
ual wavehops are now calculated with the proper formulation of the 
effective ionospheric ret'lection coefficient. 

The error was not found to be significant for daytime propagation, 
at least at the ranges used by the Corona Annex for the Hawaii +.o 
Southern California propagation path. This ii not the case for night
time propagation where the computations were found to be in consider -
able error. Comparisons of the electric fields computed using the 
original veraion of WAVEHOP (see Ref. 4) and the corrected version 
are illustrated in Fig. 18 and 19 for a propagation path over sea water. 
In these figures the computations obtained using the original WAVEHOP · 
are plotted as WAVEHOP (original) while the corrected values are 
plotted as WAVEHOP (corrected). 

Figure 18 shows the daytime comparison for the profile ~ = 0.5 
1an-1 , h' = 70 km for 28.125 kHz. It ii observed that the values com
pare favorably out to abo t 4.5 megameter1. At greater distances the 
degree of comparison reduces quickly, espedally in the vicinity of the 
field nulls. lt is important to notice that the two computational method, 
agree at the Hawaii to Southern California propagation range of 4,200 
km. Because of this, the results obtained in previous Corona Annex 
reports for daytime propagation remain valid (see Ref. 5 and 6). 

Figure 19 for 28.1 25 kHz il1uetrates the nighttime compari1on for 
!he profile ~ = o;s km- 1, h 1 = 90 km. It is seen in this compari1on that 
the results from the ,two computational methods vary drastically. The 
publications (Ref. 7 and 8) for nighttime comparison were written using 
the corrected version of WAVEHOP, 10 the results were valid. 

In the original version of the WAVEHOP program, the path integral 
lj of Eq. 1 was evaluated by or.e of three methods, depending on propa
gation range relative to the position of the caustic. In general, the 
saddle-point approximation was used to evaluate the integral in the lit 
region of the propagation path except near the caustic; numerical inte
gration was used in the vicinity of the caustic on the lit aide, and a 
residue aeries was used in the shadow region. 

In the corrected version of the WAVEHOP computer program, the 
above methods may again be used to valuate the inte rals in Eq. 4 and 
5. In the shadow region, however, the fo.tegrals c n als be evaluated 
by substituting numerical integr tion for the relidue series expansion. 
Due to the complexity of solving the integral of Eq. 5 by the reddue 
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method, the numerical inte~ration equations and computer program 
corrections we r d veloped · and implemented into th WAVEHOP pro•
gram. Thus, the correct field strengths, as computed by WAVEHOP 
in this r.eport, were obtained usipg the numerical integration method, 

A corrected version of W AVEHOP where th.:, residue series is 
again incorporated into the program is presently being prepared and 
will b available soon.2 Tl-\is residue series program vlill be appro,d
matcly three times faste.t than the numerical integration version pr,u -
ently being us d at the Corona Annex. 

1 
Privat communication with L. A. Berry of tht, Institute for Tflle

communication Sciences and Aeronorny, Environmental Science Ser
vice Ad mini tration, Boulder, Colorado, dated May 1969. 

2 
Private communication as cit d in footnote l I dated January 1970. 
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