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CHAPTER 1
INTRODUCTION
By: M. Weissberger

1.1 BACKGROUND

The Department of Defense Electromagnetic Compatibility Analysis Canter
(ECAC) has a twenty-plus year tradition of providing state-of-the~art
solutions to spectrum-sharing problems. Many of these problems involve the
use of radio~wave propagation models to computes the levels of the dasired and
interfering signals at the input terminals of a receiver, or to compute a
field intensity at a location.

1.2 OBJECTIVE

The objective of this document is to provide ECAC project eangineers with
. a set of manual propagation models -~ graphs, tahbles, or analytic expressions
D amenable to evaluation with a hand-held caiculator.

1.3 APPROACH

The models were selected for the handbook following a review of recent
ECAC model-development studies and documents in the open literature.
Accuracy, as demonstrated through comparisons with measured results, was used
as the primary critarion for rec-ommending one model from among several that
had been developed for solution of a given category of problem. In many
instances, the most accurate model for a particular type of problem is a
sophisticated computer program. Graphs of typical outputs of moast of these
programs were prepared and added to this document.
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A sumnary of the validation effort used to select each model has been

included for the following reasons:

1. It allows the engineer to account for the magnitude of the
uncertainty in the model's predictions when doing an analysis.

2. It reveals the specific subsets of problems for which the model
has been shown to be accurate, so that caution may be used when applying it in
other parameter rsgions. ‘

3. It enables the engineer to evaluate the desirability of using
models  that were not reviewed in this edition of the handbook.

4. It will help guide future model development efforts.

S. It provides a decision-making aid for members of the multi-agency
Propagation Standards oordinating ®mmittee, of which ECAC is a charter
membaer.,

For the benefit of analvsts at ECAC, information on the availabjility of
computer-automated versions of each model was included.

To agsist researchers from other disciplines, a chapter explaining the
parameter "basic transmission loss"™ and its relationship to field strength,

power density and received power was provided.

1.4 INDEX OF PROBLEM CATEGORIES

A list of the categories of problems addressed in the Handbook, together
with the Chapter that contains the propagation-modeling information, is

presented below.

A. Propagation in the 10 - 100 kHz band: Chapter 3

B. Propagation in the 100 kHz - 40 MHEz band:
o Skywave, 0.5 -~ 1.6 MHz, Chapter 4
o Skywave, 2 - 30 MHz, Chapter 5
o Groundwave, 0.1 - 40 MHz, Chapter 6
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Propagation in the 40 MHz - 30 GHz Band:

C.
o BEarth-space propagation, 100 Mz - 30 GHz, Chapter 7
o Air-air and air-ground propagation, 100 MHz - 16 GHz,?2 Chapter 8
o Terrestrial propagation, 40 Miz - 20 GHz:
o Msdian loss, Chapter 9
o Time variability, Chapter 10 (annotated bibliography)
O Obstructions by vegetation and manmade structures, Chapter 11
D. Propagation at frequencies above 30 GHz:

o 30-300 GHz, Chapter 12 (annotated hibliography)
o IR and optical, Chapter 13 (annotated bibliography)

E. Coupling over an airframe: Chapter 14.

1.5 INDEX OF MODEL NAMES

It is an alphabetical

TABLE 1-1 is an alternate index to this Handbook.
The frequency limits given

list of the models that are addressed in the text.
are nominal. The Handbook text and/or source documents should be consulted
for the range over which the model has actually been validated.

o 3a{r-air and air-ground propagation, 40-100 Miz, is in Chapter 6.
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TABLE 1-1
INDEX OF MODEL NAMES
(Page 1 of 3)
Handbook
Mdel Band Yotas Section ¥o.
AAPG : S0 Coupling between antsnnas on a perfectly coadicting airframe. 14.3
ADSEN 1-40 Gin line-of-sight propagation. Atmospheric effects. 10
Allsebrock 10-400 /= Correction to nife-~edge diffraction for buildinge. 1.7
AMIAA $0-450 Terrestrial propegation in Maryland hills. Statiseical. 9.2
Artic (Palmer) 150-430 M Tarrestrial propagation ia Axtic areas. Statisticul. 9.2, 9.4
ARPROP Ead See Longley-&ice.
ATRDU — Ses IP-77.
AVIRK 2 50 mm Coupling between on a perfectly docting airframe. | 14.3,14.3
aanxTT - ‘See Vigants.
Surrick 2-100 s Attenuation due to propagation over a rough sea. §.2.3, 6.4.1.85
BEC Co-channel 470-960 nm Terrestrial propagation over irregular tarrain. Point-toe 9.3
. Point.

Barry (1964) 3 10 K Groundeave propagution ower a smooth spherical earth. 6.4.1.8
British Adrcraft 40=-110 s Terrestrial propagation. Statistical and point-to-point 9.2-9.4

versicns. sed on msasuressats in FRG.
Bullington Knife- .’ 30 M Nowograph for kaife-edge diffractiom. 11.3, 11.7,
Idge Oiffraction 14.2.4
Bellington Plane All Theary of propagation over a plane esrth, including surface 9.2, A
Zarth vave offects.
Cairo Model 0.5-1.6 Min 7ield strength dus to skywawe prupagation. 4.4
CCT® Rac. 435-3 0.13-1.60 s 7ield atreagth due to skywave propagation. 4.2, 4.4
CCIR Rep. 236-4 30 Mg -10 GEs Attenuation due to propagatiom in a forest environmsnt. 11.3, 11.8
CCIR Map. S64-t 2-40 G HRarth-space progagation sodel. Tedat
CCIR Rep. 569=t 0.5=40 G Calculation of interference fields due to ducting and rain 10

scattar coupling.
CCIR Nep. 72¢ 1-40 & Calculation of worst case intarfersnce fislde due to ducting 10

and rain-scattar coupling.
Crane=79 1-100 Gm* Attsnuation on earth-space links. Rain attenuation on 7.2.3, T.4.4
(Global-79) terreserial links.
DOCT (BCAC 63 m-3.3 Gm* | Coupling in a ducting environment. 10
Ducting Model)
TrrSECC 0.1 Mm-20 Gis Propagation be“ween two antennas over a ssooth sarth. 8.3
Kli (Pine, 40-910 MM Terrestrial broadcaet model. Statiseical. 9.2
rec 19%1)
“4+" implies that the limit shown is the highest frequency used by the author of tha model in his sxasples. The model,

in theory, is applicable to higher frequencies.
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TABLE 1-1
(Page 2 of 3)

Model Sand Notes Handbook
Section dNo.
EOSAEL~80 10-350 GHs, Effects of atmosphere, smoke and dust on transsittasce and 13.2
6.3 x 10° c?"" scattering.
4x10° "

EPN-73 1 Mizs=10 Gis Terrestrial propagation model for fairly smooth terrais. 9.2, %4

Stacistical. ’
Espenachied- 17-60 xix Terrestrial propagation. Mspirical. 3.4
Anderson~8sfley
Ixsrcise Support 4.4-%.0 Gi= Reliability of terrestrial links. FPoint=to-point. 10
Program (ESP)
Bxponential Decay 100 Mig-3.3 Gz | Usad in this report to designats a sodel for the loss due 11.2.3,
{Saxton and lane) to propagation through a grove of trees.
Free Space loss ALl Attenvation in a vacuum. Inverse-square~law spreadiag loss. 2.2
CC MF Groundwave 0.5-1.6 s PFleld strength due to groundwave propagation. 6.4.1.8
C P Skywave QeS=1.6 Mix PMeld strength due to skywave propagation. 4.4, 4.5
{Clear Channel)
00 TV-PrN Model | $0-907 Mts Terrestrial Broadcast sodel. Statistical. 9.4
(R=-6602, TVFAFS)
e 10 kiis-40 Mis Coupling betwean antsnnas on an alrframe that say be lossy. 14.3
Global-78 1-30 Gus* Rain attsnuation on earth-space and terrestrial links. Te2e3, Tedot
GRWAVE - %ame of Berry's 1966 prograam. (see listing in this tablel).

Also namse of Rotheram’'s (Marcoai's) program

(ses Reference 3-18).
GUAVE - Ses FCC Groundwave.
Hata 150-2000 s Analytical exp ions for ¢ a‘'s sodel. Statiscical. 9.2, 11.4
HPMOPES-4 2-30 s Lose between real antennas due to skywawe propagatios. 5.2, 5.3, Annex to

Chaptsr 2.

NYDRO 1-40 GRs Non=great circle coupling due to scatter from rain, 9.5.5, 9.5.6
IP=77 100 Mig~16 GMs | Air-ground and air-eir propagation. L]
I0MCAP 3-30 Mn Loss between real due to sky pr gation 5.2, 5.3
178 1 Mis-20 Gin fPropagetion bx two ower a h earth. 6.3
Jansky and Bailey 25-400 ms Zapirical loss between two low antsnnas in a trop.~al jungle. | 1.5
Kinase 3 Mis-1 Gim Terrestrial broadcast sodel vith factor for urban clutter. 9.2, 11.4
Knife~-tdge 220 s Lome along a circuit vith an infinitely thin, opaque, planar 9.2, 9.3, 9.5
Diffraction obstyuation. 11,3, 1.7
Latsral-vave 1=200 g Theorsetical msodel for paths including cropical jungle. 11.5.3
Lenkurt - See Vigants.
LPSNR 60-600 xHs Skywave and groundvave terrestrial propagation. 3.4
Longley=-Rice 20 MMz-20 GHg Terrestrial propagation model; statistical and point=toe 9.2, 9.4, 9.5
{ARPROP) point modes.

in theory, is applicable to higher frequencies.

“+" implies that the limit 3hown s the highest frequency used by the author of the smodel in his exasples. The modal,
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TABLE 1-1
(Page 3 of 3)

nodel Sand Wotas Handbook
Section MNo.
LONTRAN-S 350-40,000 cn”' | A neric 4 132
Malaga 3450 nin Tacrestrial propagation bstween two low antannas in urban and | %2
envi Seatistical.
Nillingtom All Coupling between antsnnas on a ssooth earth vith inhomogeneous { 25, & 2.2, &4 29
ground constants .
nIemur 2«30 Mis Oagutes saximm usacle frequency. S$2L1.2

NIXPATM (ECAC

Al xed-Path Model,
nm)

ROy

Modified Exponsatial
Decay (MED)

Modified Mans Marth
s ™ 100
MLANBOA

hio University

Okumuras

RPP (VPI-79)
SATPROP

scsg

SKYMAVE

Smooth-sphere
diffraction

TIREN

Vigants

VLP (ECAC VLP and
L? Prop. Wodel)
vPr-79

WAGHER

Hang

Ol NiE-20 GUn

1=300 Gim

200 Na-93 Gms

40 Mg =10 Gits
0! Nin-20 Glm

100~300 nug*

150-2000 Nis

20 Mie-200 Gl

1-30 G *
100 nm-30 cms*

Al

40 nim-10 Gx

40 MHR-20 Gas

2-11 Gis

10=-100 ks

< 60 MHs

O S=t, 6 Mux

Cosguiter implessncation of "millington®.

Atacspheric effects on line-of-eight links

A ion dus to propagation through a grove of trees.

See Bullingtom plane searth.
Tarrestrial propagation model, primarily point-to-poin~.

h earth.

Propagation two over a

Line=of-sight air-ground propagation over irregular tarrain.
foiateto=point,.

Terrestrial broadcast mocdel with factor for urben clutter.

Terrestrial and air-ground paths over rough terrain. Rointe
to~point.

Rain attsnuation oa earth-spece links.
Iarth-space propagation aodsl
Mt of IFS.

Ses FCC NP Skywave. Meme also used for HPMUPES-4 and
ICNCAP.

Two antsanas oa or abowve a spharical earth.

fart of 1Ir8,

Line-of-sight propaqation over irrequlal’ terzrain.
Point-to-~point.

Tarrestrial paths over rough terrain. PReint-to-point,

Sall lLabe empirical model for multipath fading on line-of
sight links.

Tercestrial propagation including effects of groundwave and
skywave.

See RPP.

Tarrestrial propagation over irreqular tecrain with
inhomogenecus ground constants. Point-to-point.

FMleld strength die to skywave propagatiod.

LS 62.2 bt

1.2

tl.1=11.2

%2 %I %S
& 2-6d

%3

2 1.4

%3

7e2e3 Ndad

7

3 6 & 1.2

%3

K3-H7 1.3

10

622 &4.2 353

42-4. 4

"+* {mplies that the limit shown is the highest frequency used by the author of the model in his examples. The model,
in theory, is applicable to higher frasquencies.
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CHAPTER 2
BASIC EQUATIONS, COUPLING IN FREE-SPACE
By: M. Weissberger

2.1 INTRODUCTION

This chapter begins with a presentation of equations to compute the power
density and field strength produced by a transmitter in "Free Space”, i.e., a
region in which there are no substances to reflect, absorb, refract or
otherwise a‘t.‘.ect the radio waves. Then the equation is given for computing
the powot.available at the terminals of a receiving antenna that is
illuminated by the transmitting antenna. The parameter "basic free-space
transmission loss” (ILygs,) is introduced to allow this received power to be
computed with a compact formula. )

These equations are followed by expressions that can be used when the
path between the transmitter and receiver (or observation point) is not free-
space. The parameter "basic transmission loss” (Lb) is introduced to allow
convenient calculations for these general-environment problems. The remaining
chapters of this Handbook present methods for computing I'b' '

In order to assist engineers not yet experienced in such matters,
straightforward derivations of each equation are presented along with examples
of conversions between equations in logarithmic (decibel) units and those in

non-logarithmic units.

2.2 FREE-SPACE RELATIONS

2.2.1 Power Density in Pree-Space

Agsume that p,(watts) are input to an antenna that is 1008 efficient and
radiates isotropically. Consider observation points at a distance of r
(mmters) from the transmitter. The power density at these points is now the
power per unit area flowing through a spherical shell of radius r with a
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center at the transmitting antenna. At any point on this sphere the power
density, Par is:

(2-1)

vwhere:
Pa is power density, in W/m2
P, is the powver delivered to the transmitting antenna, in W.

r is distance, in m.

If the distance r is in statute miles:

P -
£ x 30.73 x 1072, (2-1a)

p -
d r2(ni)

since there are 1609 meters in one statute mile.

If the problem input parameters remzin as now stated, but the desired
output is in 4B above 1 mw/mz (1.e., dBm/nz), then:

P
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2 Pq (mw/nz)
Py (dBm/m") = 10 log —
T (m)
P, (W)
= 10 log ;ét x 30.73 x 1072 x 10°
r (mi)

= 10 log p (W) - 20 log r(mi) + 10 log (30.73 x 1078

= 10 log p, (W) - 20 log r(mi) - 45.12 PR TS T
t

If the transmitted power is expressed in dBm, i.e., dB above 1 mW:

Pp(dBm) = 10 log pt(mw) = 10 log pt(W) + 30 (2-1c)
So that:
P, (dBu/m’) = B (dBm) - 20 log r(mi) = 75.12 (2-1d)

A general form of this equation is:

PD(dBm/mz) - PT(dBm) - 20 log r (units) = K‘ (2-1e)

— where K,, shown in TABLE 2-1, depends on the units of r.

N
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TABLE 2-1
'CONSTANTS FOR EQUATIONS 2-1e AND 2-6

Units of r K, Ky

Statute miles 75.12 36.58
Nautical miles 76.34 ' 37.80
Kilometers 70.99 32.45
Feat 0.67 -37.87
“eters 10.99 ~-27.55

2.2.2 Raceived Power in Pree-Space

The effective aperture, A,', of an antenna is defined by:

A e £ (2-2)

where:

P = the power delivered to a matched load at the terminals of the
receiving antenna, in W
Pa - the power density incident on the antenna, in W/mz-

This aperture is computed by:2'1'2‘2

2_1Kraus, J. T., Antennasg, McGraw Hill, New York, NY, 1950, p. 42 and p. 50.

2"2(.'.'0111.:1, R. E. and Zucker, P. J., Antenna Theory, McGraw Hill, New York, NY,
Part 1, 1969,
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2
A'= @ (2-2a)
e 4%
wherae:

g = the power gain of the antenna expressed as a ratio relative to the
gain of an isotropic antenna that is 008 efficient
A = the wavelength of the radiation, in meters.

For an isotropic antenna that is 1008 efficient, g = 1, and:

At e Ao (2-2b)

A formala for the power received by such an antenna in free spacs can be

/) obtained by entering Bquations 2-1 and 2-2b into Bguation 2-2. The result is:
A 2
Pr = PghA,' = pp () (2-3)

Here, A and r have the same units, and p, and py have the same non-logarithmic
units (e.g., watts, milliwatts, etc.). If the problem is specified in terms
of frequency rather than wavelength, then one can substitute:

300
A (meters) = T 4z) (2-3a)

into the precsading equation and obtain:
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569.9 p . o f
p_= £ (2-4) : /

(£(MHz) x r(meters))2

where Py and P, are in the same non-logarithmic units.

.

If the transmitted power and received power are expressed in the same
logarithmic units, e.g., dBm or dBW, then the proper equation can be obtained
by taking the logarithm (base 10) of each side of this equation and
multiplying the results by 10. Thus:

PR = PT - 20 log (£(MHz)) - 20 log (r(meters)) + 27,55 (2-4a)

. This can be adapted to other units; e.g., {f r is in statute miles:

P = < 20 log £(MHz) ~ 20 log (r(miles)) - 36.58 (2-4b)

P
R T

Equation 2~-4b is frequently written as: \

PR - PT - Lbfs (2-5) 1

- where the basic free-space transmission loss, Lbfs, is given by:

Logg = 20 log (r(units)) + 20 log (f(MHz)) + K (2-6)

2I
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where values of K, appear in TABLE 2-1 for different units of r, the slant

range.

The preceding equations for received power are for losiless (i.e., 100%
efficient) isotropic antennas at both ends of the link. If the transmitting
antenna is not like this, then the power density, pa, in front of the

receiving antenna changes to:

Py* —3 (2=7)

where g, is the transmitting antenna gain, in the direction of the receiver,

relative to a lossless igotropic antenna (dimensionless units.) If the

receiving antenna is also not lossless and isotropic, its effective aperture

is given by Bquation 2-2a, not 2-2b. Inserting Rjuations 2-7 and 2-2a into 2~
' 2 yields:

2

A

In logarithmic units (and allowing use of f instead of A):

PR (dBW) = PT(dBw) + GT + GR - 20 log (r(miles)) (2-9)

- 20 log (f(MHz)) - 36,58

where
Gp (dBi) = 10 log g

Gy (dBi) = 10 log g,

= dBi = dec;bels above the gain of lossless (100% efficient)

isotropic antenna.
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NOTE: Some manufacturers specify gain relative to a losslesa‘bgk dipole,
rather than relative to an isotropic antenna. In this case, add 2.15 dB to
the manmifacturers’ values before using them in Pguation 2-9,
Combining Bquations 2-6 and 2-9 yields this equation for the power b /X

available at the terminals of the receiving antenna when the transmission S5 /

medium is free space: . -

PR - P'r + G’r + GR - :.Df' (2-10)

The formula is sometimes called, "The PFriis ENuation.'2'3' 2-4 peference
2-4 presants an alternate derivation based on intuitive physical principles.

2,3 EBEQUATIONS WHEN THE ANTENNAS ARE NOT IN FREE-SPACE

2,3.1 A General Myuation for Received Power

Equation 2-10 accounts for the 1/(4!R2) spreading loss in "free-space,” a
regqion free from reflecting, absorbing or refracting materials. The terms Gm
and Gp are the transmitter and receiver antenna gains in 4Bi. These terms
also account for losses within the antennas due to lack of 100% radiation

efficiency.

2'3Friis, H. T., "A Note on a Simple Transmission loss Formula," BSTJ, 1946.

2'4Friis, H.T., “Introduction to Radio and Antennas,” IEEE Spectrum, April,
1971 .
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K

There may be other losses between the outputs of the transmitter and the
transmitting antenna. These can be ohmic losses, for example, in transmission

lines, wave guides or antenna couplers; rmismatch losses can also cccur.

Similar losses may exist between the receiving antenna and the input to the

receiver. Also, thers may be differences in the polarization of transmitting

and rsceiving antennas. To account for these losses when calculating the
power at the input terminals of the receiver, Pé. Hquation 2-10 should bhe
modified to read:

P4 = PL+Gp+Gy -L, -] (OTHER LOSSES) (2-11)

where P% is the power available at the ocutput of the transmitter.

In general, the space between the two antennas will contain the
atmosphere and/or the earth. Thus, the basic free-space transmission loss,
tha' will frequently not be appropriate. Instead, the more general “"basic
transmission loss®, Lb' is needed. The received power equation becomes:

Py = PBf +Gy +Gp -L -] (OTHER LOSSES) (2-12)

The remaining sections of this handbook describe procedures that can be

used to calculate Lb'

APPENDIX A presents the derivation of two equations for Lb‘ One allows
calculation of the loss due to absorption by atmospheric constituents. The
other accounts for the effact of reflection from the earth's surface on the

loss between two antennas that are within line-of-sight. These derivations

are included in the Handbook so that engineers can gain an intuitive feel for

the means of quantifying Lb‘ They are excluded from the body of the text,

since they are only building blocks for the more general models described in

the forthcoming chapters.




RADIO WAVE PROPAGATION: A HANDBOOK OF 2-10
PRACTICAL TECHNIQUES FOR COMPUTING BASIC REVISION DATE
TRANSMISSION LOSS AND FIELD STRENGTH SECTION - PAGE

¥ The antenna gains as used in all preceding equations in this chapter have
been defined as power gaina relative to a lossless isotropic antenna. Thus,
the terms Gy and Gy (and gy and qr) differ from the directivities of the
transmitter and receiver antennas, Dy and Dp (see, e.g., Reference 2-1), in
that the former terms include the effects of the antennas not having 100%
efficiency. (An antenna that is 100% efficient will radiate all of the power
that is input to it.,) The diffaerence between directivity and_gain can be very
large, especially if the radiation resistance is low relative to the ohmic
resistance. This often is the case when the antenna is much smaller than ’/4 of
a wavelength. Measured values of efficiency in the HF band are discussed in
References 2-5 and 2-6.

2.3.2 The General Pyuation for Power Density

An equation for predicting power density in a non-free-space environment
can be obtained by entering Pyuations 2-12 and 2-2a into Bgquation 2-2 and
solving for Ppe The result is:

2
PD (dBm/m“) = P,;., (dBm) + G’l‘ - I.b + 20 log (f(Muz)) (2-13)

- 38.54 - (losses between the transmitter

output and the transmitting antenna).

2°SIane, George and Charles Masen, Ground Resistance for MF/HF Design Analysis
Of Grounded Antenna Systems, EMEP-76-7, U.S. Army Communications
Electronics Engineering Installation Agency, Fort Ruachuca, Arizona,
April 1976. ‘ .

2'6Iogan, J. Co, AN/PRC-104 Antenna Study, Final Report, Naval Electronics

laboratory Center, NELC/TR 1980, February 1976.
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2.4 COMPUTING THE ELECTRIC FIELD STRENGTH

If the engineer/analyst needs to know the electric field strength at a
goint in space, it may be computed from the power density. In the far field
s the transmitting antenna these quantities are related by:

2
Py (watts/nz, avg) = E (volts/:ater, ros) (2-14)

where n is the impedance of free-space, = 120w, or ~377. (See, for

example, Refarsnce 2-7.)
TABLE 2-2, is a set of conversion equations for a variety of units.

2.5 SUPPLEMENTARY DEFINITIONS

In using some references, analysts may come across other terms that are
Aused in the calculatior of received power, To aid in correlating with the

terms used in this chapter, some of the more common ones are defined below.

Antenna Factor. This is 10 log of the square of the ratio of the

electric field intensity (V/m) at an antenna to the terminal voltage (V).
Antenna gain can be computed from antenna factor through this equation:

G = 201log f - Ay - 30 (2-15)

where G is the gain in dB, and Ag is the antenna factor in dB.

2'7Hayt, W. H., Engineering Electromagnetics, 3rd Edition, McGraw Hill, New
York, NY, 1967.
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TABLE 2-2
CONVERSION OF POWER DENSITY TO ELECTRIC PIELD STRENGTH

P

avg

P

ERHS- «61 3 10

1
Boug = 19-42 (pa,,q)/z

Pag/20

BRB [ Pavg + 115.8
Epx = 1.41 Egus
Epk = Epus + 3.0

(Bops)”
avg ~ 376.99

P = 20 log Epyg + 4.24

Pavg = Egug - 115.8

PK * Payg * 3.0

ERHS in volts/m, Pavg in watts/mz

Egug in volts/m, Pavg in dBm/m2
Epus in dBuv/m, Payg in dBm/m2
Epx in volts/m, Ep.e in volts/m
EBpx in dBuV/m, Egyg in dBuv/m

Pavg in watts/mz, Epns in volts/m

Pavg in dBm/nzr Epmg in volts/m

2
Pavg in dBm/m“, ERMS in dBuv/m

Pog in dBm/mz. Pavg in dBm/m2

where:

o]
[}

RMS
Epx

Pavg =

RMS electric field strength,

peak electric field strength,

average power density,
peak power density.

NOTES: 1)

2)

The terms peak and average refer to the time frame of one
sinusoidal carrier frequency cycle. Transmitter duty cycle
affects must be taken into account independently, as must all

non-sinugsoidal waveforms.

All relations apply only in the far field.
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Transmission Iossz'e. This is 10 log of the ratio of the power input to
the transmitting antenna to the power availahle from the receiving antenna.

If it is designated as L, in @B, it can be related to L, through:

L = I -Gp- Gy . . (2-16)

The reader is cautioned that in some widely used referancesz'g, the
quantity computed with Egquation 2-16 is called "Systemr loss”. These

refersances use the term "Transmission Loss" to mean Iy - Dg = Do

2'8CCIR (International Radio Consultative Committee), Recommendations and
Reports of the CCIR, XIVth Plenary Assembly, Internaticnal
Telecommunication Union, Geneva 1978, Report 227-2.

.

2’9Rice, P.L., longley, A.G.,, and Norton, K.A., and Barsis, A.P., Transmission
Loss Predictions for Tropospheric Communication Circuits, Technical Note
101, National Jureau of Standards, Boulder, CO, Revised January 1967.
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CHAPTER 3
PROPAGATION IN THE 10-100 kHz BAND
By: S. Marcus and M. Weissberger

3.1 INTRODUCTION

Modeling for the 10-100 kHz band is discussed in this chapter. Section
3.2 provides a description of the physical phenomena. Graphs of t?pica; field
strength-versus-distance behavior are presented. Section 3.3 descrihes the .
ECAC VLF/LFP computer code., Section 3.4 summarizes the results of comparing
the code predictions with measurements. The accuracy of other prediction
techniques ias described. Section 3.5 contains concluding remarks.

3.2 PROPAGATION PHENOMENA AND CURVES OF TYPICAL RESULTS

Low and very low frequency wa;eé, radiated by a transmitting antenna at
or near the earth's surface, propagate within a shell bounded by the earth's
surface and the ionosphere. At small circumferential distances (4 < 300 km)
from the transmitter, most of the energy is propagated by the direct and .
ground~-reflected waves (over line-of-sight distances) and by the gurface
wave. The combination o. these three is referred to as the ground wave., As
the distance from the transmitter increases, an additional contribution to the
radiated field becomes appreciable as a result of reflection of the incident
field from the lowest layer of the ionosphere. As the distance from the
transmitter increases still further, the contribution of multiply-veflected
waves (i.e.,, waves following an earth-ionosphere-earth-ionosphere-earth path) -
must be considered as well. The reflected waves are referred to as
skywaves., Phase differences between the skywave and groundwave can cause
constructive and destructive interference. As a result, the composite fiéld
can vary significantly from point to point over the propagation path. These
variations are apparent in the sample results illustrated in PFigures 3-1
through 3-3, (All curves in this Chapter are for 1 kW radiated.) The
representation of the field in terms of the sum of the ground wave and discrete

skywaves will be called the ray-theory approach in this report.
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Figure 3-1. Predicted propagation results for a 10.9 khz

transmission over three types of ground.
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Figure 3-2. Predicted propagation results for a 28.02 kHz
transmission cver three types of ground.
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Figure 3-3. Predicted propagation results for a 56.04 kHz

transmission over three types of ground.
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The propagation characteristics are dependent on the electrical
characteristics of the ground and the ionosphere, as well as on the
ionospheric height. The ground conductivity ¢ and permittivity € affect the
ground-wave behavior as well as the ground-reflection coefficient, which must
be taken into account when considering multiply reflected skywaves. Ground
conductivity is not constant over long paths. The variation in ground-
conductivigy values in North America is illustrated in Piqure 3-4 (excerpted
from Referénco 3-1). The reflection coefficient and height of the ionsophere
affect the strength and phase of all the sky waves. The latter quantities
vary with time of day, season, and location. Typical effective ionosphere
heights at VLF/LF are 70 km during daytime and 87 km at night.

As distances from the transmitter are increased, the number of
ionospheric reflections, or "sky-hops®™, becomes large and the mathematical
expressions become unwieldly. For these distances, it is convenient to think
of the propagation mechanism as one of modes propagating in a wave guide, the
walls of which consist of the earth and the ionosphere. Fluctuaticns in the
curves of Figures 3-1 through 3-3 can be interpreted as
constructive/destructive interference caused by adding the contributions of
two or more wave-quide modes. Of course, the same propagation phenomena exist
regardless of whether the ray-theory representation or the wave-gquide

representation is used to describe them.

3'1CCIR Report 717, World Atlas of Ground Conductivity, Recommendations and
Reports of the CCIR, Volume 5, p. 62, XIVth Plenary Assembly, Kyoto, 1978.
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Figure 3-4. Estimated ground conductivity values, 10 - 30 kHz.

(Reference 3-1.) (S/m represents Siemens/meter,
which are equivalent to mhos/meter).
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3.3 COMPUTER MODELING

'I‘pve BECAC computer code for calculating VLF/LP fields is discussed in
dotaii in Reference 3-2. It is applicable for frequencies between 10 and 100
kHz, and at distances (in km) between SA;/S and 15,000, where An is the
wavelength in meters. The ray-theory approach, as documented in Sections 3.2
and 3.3 of Reference 3-3, is utilized for 4 < 2000 km. For
d > 2000 km, the wave-guide mode approach, as documentad in Reference 3-4, is
employed. In this way, solutions usually can be provided by making
computations involving no more than five sky-hops or no mora than three wave
guide modes. )

In both the ray-theory and the wave-gquide-mode met;.hods of solution, the
model assumes the earth's surface and the ionosphere boundary to be perfactly
smooth and circumferentially homogeneous, and ignores the effects of the
geomagnetic field. The ground is characterized by constant values of
0 and €. Estimates of these values applicable to the 10 -~ 30 kHz frequency
segment are documented in Raference 3-5. (This was the basis of CCIR Report
717 and Pigure 3-4.) PFor the United States, estimates of the parametars for
the frequencies around 100 kHz may be obtained from an empirical study done in

3'25nyder, S. and Xuebler, W., Radio Wave Propagation at VLF and LF,
ECAC-TN-74-05, ECAC, Annapolis, MD, July, 1974.

3"3Watt, A. D., VLF Radio Engineering, Pergamon Press, 1967,

3'4Wait, J. R. ard Spies, K. P,, Characteristics of the Earth-Ionosphere
Wavequide for VLP Radio Waves, NBS Tech. Note 300, December 30, 1964, °

3‘5Horgan, R. R., World-wWwide VLF Effective-Conductivity Map, Westinghouse
Report 80133F-1, 15 January 1968, AD 675771.
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the 160 - 190 kRz band.3~6 Electric field strength is relatively insensitive

to the value of c.

In the model, the ionosphere is characterized by an exponentially

increasing conductivity, given by

a(z) = aoe“""/’ﬂ (3=1)

wherae:

o(z) is the conductivity of the ionoasphere at height z
9, is the conductivity at the reference height, h

2z is the height of interest above the earth

L, is the conductivity gradient.

As noted above, h and L, are dependent on the time of day, season, and path

Values of L, range from 2 to 4 kms values of h are near 70 km
-7

location.
during the day and near 90 km at night.3

Since the present skywave-groundwave-combination computer model assumes

horizontal homogeneity, a single "effective" ground conductivity must be
employed when considering a propagation path over different ground materials
(e.g., land, sea, ice). For the cases investigated, this approach has

produced reasonable results. As is noted in the next subsection, rigorous

approaches to predicting the combined groundwave-and-skywave field have heen

devised for the inhomogeneous-ground problem. Subsection 6.2.2 of this

Handbook contains a procedure for accounting for inhomogeneity in cases where
the path is short enough so that the groundwave is much stronger than the

skywave.

3-6Lawson, M. R., and Hurst, H, E., Low Frequency Propagation Tests,
TR-0177-71 .01, Gautney & Jones Communications, Inc., Falls Church, VA,

June 1971,

3'7Comparison of Predicted VLF/LF Signal levels with Propagation Data, DCA
Report 960-TP-74-5, 21 January 1974.
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The predicted effects of varying homogeneous ground characteristica are
illustrated in Figures 3-1 through 3-3 for day and night transmissions at
three different frequencies.

Perhaps more significant than the requirement that the ground parameters
be constant, the homogeneity assumption in the present model requires that
single values of L, and h be used, with these depending on the time of day.

In this regard, it should be noted that signals are generally weaker when
sunrise or sunset occurs at midpath than when the path is entirely in day time
or entirely in night time.

3.4 VALIDATION AND COMPARISON WITH OTHER MODELS

Computer predictions using the ECAC VLF/LP code have heen compared with
measured data appearing in Reference 3-7 for frequencies between 10 and 60
kHz, distances between 100 and 5000 km, and magnetic latitudes greater than
20°, The mean (u), root mean square (RMS), standard deviation (g) and maximum
deviation (DMAx) of these predictions from the measurements are listed in
TABLES 3=t and 3-2., These tables also compare the measurements with

predictions using the Espenschied-Anderson-Bailey (EAB) empirical formula=3-8

3 £ 1.25

5 298 :10 e-0.00Sd ( 356 )

E(uv/m) = (3-2)

where

P = power, in kw

d = the distance in km
f = the frequency in kHz

3-8Espenschied, L., Anderson, C. N., and Bailey, A., "Transatlantic Radio
Telephone Transmission,” Proceedings of the Institute of Radio Engineers,
1926, 14, p. 7.
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TABLE 3-1
REGIONAL DEVIATIONS OF PREDICTIONS FROM MEASUREMENTS
ECAC VLP Code (dB) EAB Formula (dB)
Region u RMS g Dpax i RMS g Dmnx
Pacific -1.3 4.6 4.5 13.0 «7.1 9.2 5.8 22.0
U.S. 0.7 207 2.6 12.0 -0.8 4.1 4.0 17-0
High
Iﬂtit\ﬂe "1-3 3.8 3.6 12.0 ‘2.9 4.7 3.7 13-0
owtall -0.9 308 3.7 13.0 '4.3 6.9 504 22.0
TABLE 3-2
DIURNAL DEVIATIONS OF PREDICTIONS FROM MEASUREMENTS
ECAC VLPF Code (dB) EAB Formula (dB)
Time u RMS g Dipe x B RMS o’ Dmnx
Day 0.2 3.0 3.0 12.0 -3.8 5.8 4.4 17.0
Night -2.8 5.4 4.6 13.0 -5.2 8.5 6.7 22.0

The predictions using the computer code are superior to those using the EAB

formla.

more accurate than the results for night-time transmissions.

originally appeared in Reference 3-9.

It will also be noticed that the day-time prediction results are
(These tables

Plotas of the predictions and

measurements for the actual paths also appear in that report.)

3-9

““Marcus, S., Evaluation and Validation of the ECAC Computer VLF/LF
Propagation Model, ECAC-TN-79-034, Electromagnetic Compatibility

Analysis Center, Annapolis, MD.




A —— v . NN A v—
RADIO WAVE PROPAGATION: A HANDBOOK OF
PRAGTICAL TECHNIQUES FOR COMPUTING BASIC REVISION DATE 31
TRANSMISSION LOSS AND FIELD STRENGTH SECTION - PAGE

Figqures 3-5 through 3-7 show measurements documénted in Reference 3-10
and predictions using the ECAC VLF/LF code, for day-time and night-time
transmissions between Hawaii and California at three different frequencies.
The predictions agree well with the measurements in five out of the six
cases, In Figure 3-7b a substantial discrepancy is seen for path lengths
greater than about 1500 km. A study to minimize model prediction errors
suggests that choice of a value of Ly in the 0.8 - 1.4 km range would have led

to a smaller error.>~'0

The Institute of Telecommunication Sciences (ITS) of the Department of
Commerce and the Naval Ocean Systems Center (NOSC) also have developed VLF/LP
computer codes. The accuracy of these codes has not yet been compared with
that of the ECAC VLF/LP model. The features of these models are described
below.

ITS - Developed Groundwave Models3~!!

Program names: IT SNR/WAGNER

Nominal frequency range: 10-2000 kHz
Ground constants can vary along path?: Yes
Terrain profile taken into account?: Yes
Polarizations: Vertical and Horizontal
Maximum antenna height: Varies with path
Includes noise model: Yes/No

3-10Determination of Effective Ionospheric Electrcn Density Profiles for
VLF/LF Propagation, DCA Report C650-~TP-76-4, 1 January 1976.

3‘11Berry, L. A,y User's Guide to Low Frequency Radio Coverage Programs, OT
Technical Memorandum 78-~247, January 1978.
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Figure 3-5. Comparison of measured and predicted results for
propagation over the Pacific Ocean {(f = 10.9 kHz).
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ITS - Daveloped Skywave-With-Groundwave Models3°11

Program names: LP SNR/ANIHOP

Nominal froquency range: 30-650 kHz/60-550 kHz

Anisotropic ionosphere?: No/Yes

Stored model of jionosphere?: Yes/No

Ionosphere can vary along path?: No*

Groundwave bused on homgeneous earth?: Yes

Skywave based on homogeneous earth?: Yes

Polarizations: Vertical®*

Maximum antenna height: O km*

Noise calculations?: Yes/No

Mathematical approach to skywave: Wave-hops (a type of ray theory)

Note: F. Rhodes of the Naval Rasenfch laboratory has started work on a task
to make ANIHOP more general. Features being addressed are marked (in the list
above) with an asterisk.

NOSC - Developed Skywave-With-Groundwave Mode1s3~12

Program names: GRNDMC/§RBNHC

Nominal frequency range: 10-60 kHz

Anisotropic ionosphere?: Yes .

Stored model of ionosphere?: No

Ionosphere can vary along path?: Yes

Groundwave based on homogeneocus earth?: Heterogeneous
Skywave based on homogeneous earth?: Heterogeneous
Polarizations: Vertical/Arbitrary

Maximum antenna height: O km/60 km

Noise calculations?: No

Mathematical approach to skywave: Waveguide modes, with mode conversion

between path segments.

3'12Morfitt, D., "Numerical Modeling of the Propagation Medium at ELF/VLF/LF,"
in AGARD-CP-305, NATO, Neuilly Sur Seine, France, September, 1581,

SECTION - PAGE
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3.5 CONCLUDING REMARKS

Measurements not included in this study, that could be used to chtain
prediction error statistics for a larger sample of paths, are documented in
References 3-3, and 3-10 through 3-16. Guidelines for choosing h and Ly could
be rafined as the result of such a study.

Because of the pulsed nature of LORAN-C transmissions, it is possible, and
desirable, to distinguish between the pulses that propagate by skywave and the
ones that propagate by groundwave. (Figure 3-8, published by the Austron
Corporation.3'17 shows the arrival of the groundwave and the skywave at dif-
ferent times.) Therefore, predicting the signal level of desired LORAN-C
signals requires curves or models based only on the groundwave component sig—
nal. A set of curves for smooth paths with homogeneous ground constants appears

3'1381ckel, J. B., et al, "Experimental Cbservations of Magnetic Field
Effects on VLF Propagation at Night," Radio Science, Vol. 5, No. 1,
January 1970.

3'14Bain, W.Co., "Models of the Ionospheric D Region at Noon," IEE Conference
Publication 195, London, April 1981,

31 sﬂildebrand, et al, Examination of VLF/LF Propagation Effects as a Function
of Frequency, Naval Weapons Center, Corona Report MWCCL TP 886, December
1969,

3-16LF~VLF Strengths and Radio Noise at High latitudes: Comparisons of
Meagsurements and Predictions, NCA Report 960-TP=74-43, 31 December 1974,

3-1 7Porter, J. We et, al., "Design Considerations for a LORAN-C Timing
Receiver in a Hostile Signal-to-Noise Environment,” 12t.h Annual Precise
Time and Time Interval Applications and Planning Meeting, NASA,
Greenbelt, MD, 3 December 1980,
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(2) +
N 1 )]
_L nn ’
vy j

Pigure 3-8.
Notes:
(1)
(2)
(3)

Path Length:

RECORDING OF RECEIVED 'ORAN—C SIGNAL

Recording of a received LORAN-C signal (from
Reference 3-17). Because of tha pulsed nature of
LORAN transmissions, it is usually practical to
distinguish the groundwave from the skywave modes.

Groundwave
Skywave, First Hop
Skywave, Second Hop

2665 km, George, WA to Austin, TX.
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in Reference 3-18. The Millington-mixed-path procedure, described in
subsection 6.2.2 of this Handbook, can be used to adjust this type of’
prediction so that it applies to paths composed of segments with different
ground constants. Computer codes based on the work of R. Ott, e.g.,
wAGNER3~19 and IT SNR 3'11, account for the effects of irregqular terrain as
well as varying ground constants. A quantitative agsessment of the increase
in accuracy that Ott's models offer relative to the smooth-earth mixed-path
procedure with effective antenna heights has not yet been done. The
predictions and measurements in Reference 3-19 could be used as the starting
point for such a study.

A review of models to predict the phase of LF groundwave signals appears

in Reference 3~20.

3-18 "
Rotheram, S., "Ground-Wave Propagation, Part 2", Proc. IEE, Part F
October, 1981.

3-19%4¢, R. K., NTIA Report 79-20, May 1979.

3'2°Samaddar, S. N., "The Theory of Loran-C Ground Wave Propagation -- A
Review," Journal of the Institute of Mavigation, Vol. 26, No. 3, 1979.
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CHAPTER 4
SKYWAVE PROPAGATION, 0.5 = 1.6 MHz

By: M. Weigsberger
4.1 INTRODUCTION

Coupling between antennas in this band is similar to that in 10-100 kHz
band (discussed in the preceding chapter) in that the groundwave and skywave
both provide contributions to the received signal over a wide range of
distances. One difference is a more rapid dacrease in the magnitude of the
groundwave signal with distance in the higher frequancy band. The received
power will decrease by about 40 dB at 100 kHz if the separation between the
transmitting and receiving anternas is changed from 1 to 100 km over average
ground. The decrease would be about 55 dB for an 0.5 MHz signal and 80 4B for
a 1.5 MHz gignal over this distance. A second difference is the pronounced
decrsase of the skywave signal strength in the higher frequency band during
the day. At night, signals in both bandi are reflected with low attenuation
by the E-layer of the ionosphere (90~130 km above the earth). During the day,
the D-layer of the ionosphers (70-90 km) forms, and reflects signals in both
bands. The physical composition of tha D~layer and the strength of the
earth's magnetic fisld are such, however, that the signals in the lower
frequency range undergo relatively low-loss reflection, whereas the 0.5-1.6 MHz
gignals are highly absorbed as they partly penetrate and ars then reflected by
this layer. The magnitude of the day-night change for a broadcast-band
skywave signil is shown in Piqures 4-1 and 4-2, which are taken from a study

4-1

by Norton. The theoretical value of the groundwave attenuation is shown

4"H‘loi:t:t:n'n, D. A., "low and Medium Frequency Radio Propagation”,

Electromagnetic Wave Propagation, edited by M. Desirant and J. L. Michiels,
Academic Press, Icndon, 1960.

REVISION DATE SECTION - PAGE
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Figure 4-1, Median propagation loass over sea at 500 kHz.
0 = 5 mhos/meter; ¢ = 80; heg = h, = 30 feet;
Day h = 70 km (D-layer); Night h = 110 km (E~layer).
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4-4

for comparison. Meagured values of the day-night change have been published
by the International Radio (bnsultative Q:mmittee4-2 and are sunmarized in

TABIE 4~1.
TABLE 4-~1
MEASURED INCREASE IN SKYWAVE
SIGNAL STRENGTH ’ -
FROM NOON TO MIDNIGHT
(from Reference 4-2)
FREQUENCY PATE IENGTH .INCRBASB NOTES ’ -—
{MHZ) (Jam) (as)
0.750 740 42 Japan, moderate sunspot
valus

0.845 D 42 Winter
0.845 ——— 54 Summer
1.160 610 45 Germany
1.538 405 45 Germany
1.466 —— 40 Winter
1.466 N 65 Summer

The following subsection contains the recommended model for predicting
skywave field strengths in the 0.5-1.6 MHz band as a function of path length
and orientation, sunspot number, and effective radiated power. Models for

groundwave predictions are documented in Chapter 6.

4'ZCCIR, "Analysis of Sky-wave Propagation Measurements for the Frequency
Range 150 to 1600 kHz", Report 431-2, Recommendations and Reports of the
CCIR, 1978, ITU, Geneva, 1978,
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4.2 A MANUAL METHOD

The procedurs presented here is a modification by Wanq4'3 of the CCIR
nethod. 44 The modification provides greater accuracy for paths in ITU
Region 2, the Americas. The method shown here has several parameter
restrictions not in the Wang-CCIR model. These are: 450 < 4 < 3000, where d
is the great circle distance in km, time is at night (between 4 hours after
sunset and 2 hours before sunrise), and the terminals are not close to the

sea. The steps are:
a. ompute the cymomotive force, V, dB:
V-I’-P'GV'O-GH ’ (4-1)
where

P = Radiated power, dB above 1 kW.
Gy = Gain in the vertical plane, dB. See Figure 4-3.
Gy = Gain factor dues to azimuthal directivity, dB. This is 0 for

omnidirectional antennas.

b. Oonmpute the sky-wave path length, p, km:

1
p = (a%+ (4 x 1072 (4~2)

d = great circle distance, lm.

4"3Wang, Je Ce He, "Medium Frequency Skywave Propagation in Region 2%,
IEEE Trans. on Broadcasting, September 1979, (Errata in next issue)

4"“C:L‘.‘IR, "Sky~-Wave Field Strength Prediction Method for the Frequency Range
150 to 1600 kHz," Recommendation 435-3, Annex 1, op. cit.
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h = Antenna height .
100 km (E layer reflection)
= 220 km (F layer reflection)

-3
2}
[}

*applicable to problems involving 0.5 < f (MHz) < 1.6 and d > 450 knm.
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Ce Compute the polarization coupling loss, Lp, dB, for both terminals.

For one terminal this is:
-1
L, = 180 (36 + 0+ 15" 2.2 (4-3)
where

§ = -Path azimuth relative to magnetic East-West, degrees. 6 < 90°.
From Figure 4-4.

I = Magnetic dip, North or South, at the terminal, degrees. From
Pigure 4-5. If > 45°, Lp = 0,

d. Compute ¢, the path average geomagnetic latitude, degrees. This is
the average of the values for the transmitter and receiver, each read from

Figure 4-6. Use positive values for North and negative for South.

! e, Compute the Loss Factor, kr‘ Wang's value is:
k., =bRx 1072 + x (4-4)
k = (0.0667|¢| + 0.2) + 3 tan2(¢ + 3) (4-5)

R = Twelve month smoothed sunspot number (see TABLE S5-1 in this

Handmok)o
b = 0.4 |[¢] -16 (|4l > 45°) (4-6)
= 0 (|#] < 45°)

£. Compute the annual median of half-hourly median field strengths, F
(dBuV/m):

F=V-Lp+106.6—2sin¢—2010gp—10-3krp (4=7)
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4.3 AUTOMATED METHODS

No automated version of this procedure is presently available for general

use on the ECAC computer.

4.4 VALIDATION AND COMPARISON WITH OTHER MODELS

In his study, Wang compared the prediction accuracy of the model just
described with that of the CCIR (Reference 4-4), FCC 'clear-channel‘,4'5 and
ITU "Cairo® models.?™® e couparison involved 13 paths. The rms error for
wang's procedure was 4 dB. For the other procedures, it varied from 7 to 23
dB. This study was done based on the data used by Wang to refine the CCIR
model. Thus, comparison of the nrocedure predictions Qith other data sets
would probably lead to larger deviations. ‘

4.5 CONCLUDING REMARKS L

The procedure adopted by the 1980 ITU Regional Administrative MF
Broadcasting Conference for Region 2, the Americas, is the FCC "clear channel”
model (Reference 4-5), Project engineers should, therefore, coordinate

selection of a model with their aponsors.

It is desirable to conduct a more comprehensive validation of Wang's

procedura.

4-5Federal Communications Commission, Rules and Regulations, Part 73,
Section 73.190, U.S. Government Printing Office, Washington, DC, 1976.

4'61’1‘0, International Radio Conference, Cairo, 1938
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CHAPTER 5
SKYWAVE PROPAGATION, 2-30 MHZ

By: H. Riggins

High frequency (2-30 Miz) systems are used primarily for communications
over - large distances and for radar detection of targets at very distant
points. Typical communication links may be over path lengths of several
thousand kilometers or more. The propagation of HF signals over these large
distances is facilitated by both mirror-like ‘reflections and incoherent
scatter from the ionosphere at heights of 100 to 500 km. Ionospherically
propagated signals and their study are referrad to as "skywave signals” and
"skywave propagation” regpectively. Skywave propagation-prediction procedures
are complex bacause of the varying irregular nature of the ionosphere on a
global basis and as a function of time. This section discusses the pertinent
facts of skywave propagation. For ghort distances (less than 50 to 300 km,
depending on frequency, polarization, ground condition, etc.), groundwave
propagation may be important. Chapter 6 contains a general discussion of
groundwave propagation.

S.1 BASIC CONCEPTS

In order to understand the propagation of skywave signals, the earth's
ionosphere and the various factors that affect its behavior mst be
appreciated. The following paragraphs briefly discuss some of the basic
ionospheric concepts. More in-depth treatments are readily available in the

literature, >~ '7372,3-3

5-1Rishbeth, H. and Garriott, O. K., Intrnduction to Ionospheric Physics,

Academic Press, New York, NY, 1969,

s"znatcliffe, J. A., An Introduction to the Ionsophere and Magnetosphere,

Cambridge University Press, MA, 1972,

5-3Davies, K., Ionospheric Radio Propagation, NBS Monograph 80, U.S.

Government Printing Office, 1965.

RN
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The ionosphere is an elactrically charged region of the earth's
atmosphere that begins about 50 km above the surface and extends to thousands
of kilometers. The ionospheric neights that are important to HF propagation
lie between approximataly 50 and 500 km. The ionization is produced by the x-
ray and ultraviolet components of solar radiation. The change of atmospheric
congtituents with altitude and the interaction of these constituents with
components of the solar flux give rise to an ionization structure that
consists of distinct layers or regions. These layers (regions) are called the

D, E, P1, and F2 layers.

In the normal ionosphere, the D-layer usually has significant ionization
above 50 km with a maximum at approximately 80 to 90 km. The night-time
ionization is insignificant in regard to HF propagation. The D-layer is not
dense enough to reflect HF energy. The main influence of the D-region is the

' absorption of energy from the radio signals pasaing through it. The D-region

absorption is caused by collision of the free electrons, which are set in
motion by the passage of the electrqpaqnetic wave, with the neutral
constituents of the atmosphere. The lower frequencies are more heavily
attenuated than the higher frequencies. This occurs because the wavelength of
the lower frequency is longer and, consequently, the motion of ths electrons
for the lower fregquency will be over a larger distance so that tha chance of

collision with neutral constituents, and resulting attenuation, is larger.

The E~layer is the lowest layer with sufficient ionization to reflect HF
signals back toward the earth. In the day-time, the E-layer has 2 maximum
height at about 100 to 110 km. The ionization level of the normal night-time
E-layer is insignificant for HF propagation. The behavior of the normal E-
layer is a reqular function of time of day, solar activity, and season, and
hence can be predicted relatively well. In addition to the normal E-layer,
there i3 a more irrasqular variation known as sporacdic-E, Es. The Eg layer may
contain much larger electron densities than the normal E~layer. As its name
suggests, the appearance of this ionization is erractic and generally is

treated on a statistical basis.
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The daytime P-layer consists of two separate layers. The lower layer,
called the Fl-layer, generally exists in the height region between about 150
and 259 km. The upper layer, called the F2-layer, has a maximum electron
density between about 250 and 500 km. At night, the e&lectron density of the
Fl-layer decrsases to a lavel that i3 insignificant for HF propagation.
However, the electon density of the F2-layer remains sufficiently large so
that HF signals may be propagated as sky waves.

The electron density increases with height up to the P-region peak.
Hence the D-layer has the lowest electron density and the F2-layer has the
highest electron density. Propagation conditions vary according to the
slectron~density fluctuations. The primary considerations ara the
concentration of the electrons and the distribution with height (or effective
virtual height) of the layers.

Since the electrons are created by the solar flux, the electron density

U varies as a function of season, time of day, and the 11-year solar cycle. The

B = HALTARA R

D, B, and F1 layers are at lower altitudes wheres the physical processes are

ST

RPN 7~ B

reasonably well known and, consequently, can be modeled without too much
difficulty. On the other hand, the F2 layer is at very high altitudes in a
rarefied environment and its fluctuations are quite complex and difficult to
model. The F2 layer has been found to contain a number of irregular

variations in addition to the normal expected regular variations, such as time

of day and solar cycle, etc. For instance, one anomally is that the F2-layer

s

Rt ]

electron density is less in summer than in winter, which is contrary to what
would be expécted solely on the basis of solar flux. Most of the long-
distance communications are via F2-layer propagation modes; therefore, an

understanding of the behavior of this layer is important.

T T DR

.
i

The solar radiation varies in a cycle that has abcut an 11-year period.

1

The output of the solar radiation over this i11-year period has been found to
correlate with the number and grouping of macnetic storms, called sunspots, on

the sun's surface. To measure this solar activity, an index is required. The
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most common index is the Zurich 12-month running mean sunspot number, Rqo
defined by:

n+é

’
R12month = 12 z Rﬁ: ~ (5=1)
k =n-6

where Ry is tha mean value of the sunapot number for the kth month, and n is
the month of interes%.

The above formula indicates that s2ix months of data following the month
of interest is required. Predictions of the appropriate data are available in

the ECAC library, as shown in TABLIE S5-1 from a monthly publications"“.

S.1.1 Propagation Frequency

The ionosphere refracts radio signals propagating through it. If this
refraction is large enough, the signals are completely reflected back to the
earth. M explanation of the refraction process was developed in 1920 by Sir
Edward Applaton.s's In this theory, which assumes the ionosphere electron

density varies as a function of altitude only, the refractive index, n, is

given by:

1
n= [1-80.5 N |2 (5-2)

f2

5-450131‘ Geophysical Data - Prompt Reports, National Geopiysical and Solar
Terrestrial Data Center, Boulder, CO, January, 17980.

S-SAppleton, E. V., URSI Proc., Washingten, DC, 1927.

1
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TABLE S5-1
SMOOTHED OBSERVED AND PREDICTED SUNSPOT NUMBERS
CYCLE 21 (see Reference 5-4)

MOwTH JAN res MAR APR MAY Jum JUL AUG SEP | OCT | NOV 2] -<3

1976 152 | 1302 | 12.2 | 12,6 | 12.5 [ 12,2 | 12.9 | 14,0 | 14.3 | 13.4 | 13.5 | 14.8
1977 16,7 [ 18e1 | 20,0 | 22.2 | 24.2 [ 2643 | 29.0 | 33.4 | 39.1 [45.6 |51.9 | 56.9
1978 61.3 | 64.5 [ 69.6 | 76.9 | 83.2 [ 89.3 | 97.4 [104.0 | 108.4{111.0 [113.3| 116.7

1979 122.8 [ 130.4 |136.1 | 141,60 [ 147.4 |53.7' 158.7 | 162.1 | 164.4{165.7 j166.1 | 165.4
() (%) (7) 1 (10) any om

1960 163.4 [ 161,55 |160.0 | 159.5 | 158.4 [154.5 | 150.1 | 146.5 { 144.3{143.2 [141.7 | 140.4
(20) (21) (22) (26) (29) (33 an (39) (40) | (41) | (43) (46)

1981 140.5 | 140.1 |137.4 | 134.2 | 131.3 [128.4 | 127.2 [127.1 [ 126.5[125.1 [122.5] 119.0
(49) «n (46) (44) (45) (43) (43) (42) (41) | (V) (40) (38)

1902 115.4 [ 111.8 [109.4 | 107.4 | 104.9 {102.4 | 98.4 | 93.2 | 88.5 |83.4 | 79.8 | 76.2
(36) (3%) (34) (33 (31) {29) 2n (26) (24) | (22) (21) (20)

1983 72.1 | 69.2 | 67.3 | 65.3 | 63.1 [60.5 | 58.4 | 56.6 | 54.7 [53.6 | 52.7 | 51.7
- (20} (20) (21) (amn {(21) (22) (24) (25) (27) | (29) (30 3

1904 50.3 | 48,1 | 44.8 | 41,0 [ 38.4 |37.4 | 36.5 | 35.0 | 33.4 [32.0 |30.6 | 28.8
(31 (30) (29 (29) (30) (32) (32) | (32) (31) | (29 (28) (28)

1985 27.7 | 27.0 | 26,3 | 28,8 | 25.2 |24.1 | 23.2 | 22.3 | 21.6 {20.8 [19.9 | 19.3
27 (27) (a7 (27} (26) (23) (24) (23) (23) | (24) (24) (2%)

1986 18.8 | 17.9 |17.1 16.0 [ 14,6 |13.3 ] 12.4 | 11.8 | 11.6 |11.3 [11.1 11.2
2% (25) (24) {23) (22) (21) (20) (19) (18) | (16) (15) (14}

1987 11.6 | 12,1 13.0 | 14.1 15.2 [ 16.3 | 17.5
(12) (8-} (1) (12) (13) (14) (%)

The table gives observed Zurich smoothed sunspot numbers for Cycle 21 up to
the one calculated from the latest observed data, marked by a vertical bar.
They are based on final Zurich numbers through 1978 and provisional Zurich
numbers thereafter. Some of these data after the June 1976 value will change
slightly when final data for 1979 are received. The numbers after the
vertical bar are predictions by the McNish-Lincoln method (see Explanation of
Data Reports, February 1978). Shown in parentheses are the corresponding
abgolute values of the 908 confidence interval, an indication of the
uncertainty above and below the predicted number.
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where N is the electron density (electrons/m3) and f is the frequency in Hz.
When a wave enters the ionosphere at vertical incidence, it will be completely
reflected back toward the earth at the point where n = 0, which means by the
above equation that £ = wN. long as frequencies are less than or equal
to a critical frequency f,, defined by

fc = 9 JNMAX (5-3)

where N,y is the maximm electron density of the ionosphers, the
electromagnetic wave will be reflected back to earth. For more realistic
cagses of interest, where the propagation of the waves is not vertical but
subtends an angle of incidence, i, with the vertical, the maximum frequency,
f, that may be propagated over the path can be estimated by the simplified

formula:

£ = kfc sec 1. (5-4)

Here k is a factor to account for the spherical geomestry and ranges from 1.0

to 1.2, depending on distance and ionospheric height.

The maximum frequency supported by ionospheric propagation is called the
maximum usable frequency (MJF). The MJUF varies on a daily basis and is
generally predicted statistically. The monthly median, upper decile, and
lower decile are used to specify the predicted propagation frequencies. The
median value is referred *o as the predicted MUF, the upper decile as the
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highest possible frequency (HPF), and the lower decile as che frequency of

optimum traffic (POT).5'6'5'7

When characterizing the frequencies that will propagate over a circuit,
the communication engineer frequently chooses to use the FOT value in a system
analysis because it contains a margin for the daily variations. The term
"mode” is used to characterize the particular path whereby a signal travels
from the transmitting terminal to the receiving terminal. The terminology
“one-hop” mode is used to designats when there is one ionospheric reflection,
the "two~hop” mode is when there are two ionospheric reflections (with one
ground reflection between the two ionospheric reflections), etc. A one-hop E
mode is written as 1E, a two-hop E mode as 2E, and a one-hop F1 mode as 1F1,
etc. A typical geometry for several ray paths is shown in Figure 5-1.

The arrival of two signals that have traveled over different paths
results in different arrival times and phase relationships, which presents a
problem of destructive self-interference known as multipath interferencs.
Since the height of the ionosphere is several hundred kilometers, the
difference in path length (and thus delay time) for the different modes can be
significant, especially for telegraph transmissions. For example, a path
length difference of 300 km corresponds to a delay time difference of a
millisecond. The undesirable multipath intsrfarence problem is minimized by
choosing the nighest possible frequency that is below the actual MUF.
Generally this choice of frequency will also provide the best reliability, as
discussed in the following subsection.

S’GBarghausen, A. F., et al, "Predicting long Term Operational Parameters of
High~Frequency Skywave Telecommunication Systems,” ESSA Tech Report ERL
110-ITS-78, Environmental Sciences Services Administration, May 1969.

5'7Lloyd, Je Le, et al., Estimating the Performance of Telecomminication
Systems Using the Ionospheric Transmission Channel, Environment.«l Sciences
B Administration, Draft report.
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The characteristics of the different ionospheric lﬁyers and their

relationship to HF propagation are discussed in documents such as Reference

5-8.

5.1.2 Signal lLavel and System Performance

The received signal level from a distant transmitter is calculated from
the overall trannnisaion.loss along the path. The signal level is used with
other quantities to estimate the overall system performance of the circuit.
The transmission loss is calculated by summing the free-space spreading loss,
which is calculated as previously explained, and other loss terms appropriate
to skywave propagation. These loss mechanisms include D-region absorption,
ground-reflection losses for multiple hop cases, auroral losses, defocusing

losses, and sporadic-E obscuration losses.

The D-ragion absorption loss increases as the frequency decreases, as

(!’ previously mentioned. This is indicatgd in a semi-empirical formula derived
by Laitinen and Haydon,5°9 in which the absorption, A, in dB per hop is:

0

A (dB) = 615.5 sec i (1+0.0037R) (cos .3814;)1'3 (5-5)

1.98
(£ + £.)

H

5-8 Betts, J.A., High Frequency Comminications, American Elsevier, New York,
1967,

5-9Laitinen, P, O. and Haydon, G. W., Analysis and Prediction of Skywave
Field Intensities in the High Frequency Band, Technical Report 9, U.S. Army
Signal Radio Propagation Agency, Fort Monmouth, NJ, revised October 1962.
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where

fy

£

The dependence of absorption on frequency can be shqwn by n3ing the above
formula for a set of typical parameters. For the case where sec . =3
(approximately a 2500 km path), R = 100, fg = 1.4, and ¥ = 15° (noon in June
at 35° N. latitude), the absorption loss will be 5.6 4B at 20 MHz, 19,7 4B at
10 Mz, and 61.8 dB at 5 MHz.

The qround-retlection.losa can be calculated with the Fresnelireflection
coafficient
computar models used at ECAC also accounts for sporadic-E loss. Explicit
auroral loss calculations are available in a special research model. The

other loss terms are estimated by adding in an empirically derived correction

factor.

The system performance may be calculated when the transmission loss, the
noise power, and some receiver performance criteria are gpecified. The
atmospheric noise power at different locations and times is estimated by using
the data in CCIR Report 322571 tapulated on the basis of a large set of

is the

is the

is the

is the

is the

5-10

angle of incidence of the wave at the D-region height

12-month running sunspot number

solar zenith angle

gyro frequency in MHz and

transmission frequency in MHz.

which uses the ground constants. One of the automated

5-1 oJordan, E. C. and Ealmain, K. G., Electromagnetic Waves and Radiating
Systems, Prentice Hall, Englewood Clif:-s, NJ, 1968,

Sew

Vecrr World Distribution and Characteristics of Atmospheric Radio Noise,
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worldwide measurements. The data contained in CCIR 322 has been put in
numerical form suitable for automation on a large-scale general-purpose
computer. Also models of galactic noise and manmade noise are available. The
resultant noise calculated on the large scale computer model is the RMS
contributions of these thres noise types.

As explained, the highest frequency that can be used oﬁ a path depends on
the ionospheric electron density. The lowest frequency that can be used is
detarmined by the system-performance criteria. The noise generally increases
as the frequency decreases. Since the absorption also increases as the
frequency decreases, the system performance will decrease as the fraquency
dacrsases. On a given circuit, the lowest usable frequency (LUF) that meets
operational or system design criteria may be calculata&. The range of
frequencies that may be used for a given path and timﬁ are specified on the
lower end by the LUP and on the upper end bf the FOT (MUF, or HPF). Recall,
however, that the higher frequencies may be more desirable to avoid multipath

interference problems.

5.2 dF PROPAGATION MODELS

For many years, numerous organizations have hbeen using the HF spectrum
for long distance communications and have studied HF propagation
characteristics. The Institute for Teslecommunications Sciences (ITS), which
was formerly known as the Cantral Radio Propagation laboratory (CRPL) of the
National Bureau of Standards, has led the way in the development of HF
propagation models~6r5-7/5-12,5-13 {1, tne United States. Some important

5-1214cas, D. L. and Haydon, G. W., MUF-FOT Predictions by Electronic
Computers, NBS Report 6789, U.S. Dept. of Commerce, Boulder, CO 80303,
1961,

5-1 3Cent'.:r:a]. Radio Propagation lLaboratory, Ionospheric Racdio Propagation, NBS
Circular 464, 1948,
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early research was also conducted by the U.S. Army Radio Signal Propagation
Agency5"9'5‘14 in Port Monmouth, New Jersey.

The first HF propagation models were manual methods developed in the mid-
1940's. In the early 1960's, the first computer programs to calculate HF
propagation predictions were developed. Today, HF predictions are routinely
done using a computer because of the speed and the convenience, and manual
calculations are seldom used. For a scientist familiar with HF propagation,
the manual calculation of HF propagation conditions takes 15 to 30 minutes for
a single hour on a single path. In contrast, the computerized models require
only about 15 seconds of computer time to calculate HF propagation conditions
for all 24 hours of the day along a single path.

This subsection describes the manual (e.g., MINIMUF) and computerized
(e.g., HPMUFES-4 and IONCAP) HP propagation models generally available and
gives detailed information on-the models used at ECAC. The project engineer
should use the computer -i0odels at ECAC for the reasons stated above, The
manual methods may be used in sp;cial circumstances, such as a one-time
training exercise, to provide more in-depth knowledge to the engineer who is
especially interested in HP propagation.

HP propagation models are very complex because of the many irregqular and
anomalous variations of the ionosphere, especially the F-region. The major
sources of ionospheric data are ground-based radars called ionosqndes that
measure the vertical critical frequency and layer heights. The ﬁanual methods
use a series of global charts of the ionospheric parameters for different
conditions, i.e., time of day, season, sunspot number, etc. C(onsequently, the
manual methods require the availability of several large volumes of

ionospheric data. The computer model contains the ionospheric data in

5-1 4(J.S. Army Radio Propagation Agency, Calculation of Skywave Field

Intensities, Maximum Usable Frequencies, and Lowest Useful High
Frgguencies, Tech Report No. 6, Fort Monmouth, NJ, Revised
June, 1949, ‘

™
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numerical form. The numerical technique used to represent the ionospheric
data is based on a least-squares fit to spherical harmonic functions. Over
12,000 coefficients are usad to achieve the desired accuracy. Consequently,
most computer models are suitable for use only on a large-scale, general-
purpose computer. However, one novel model for use on a small desk-top

calculator is discussed herein.

5.2.1 Computer Models

Many methods have been developed in different countries, including the
United States, U.S.S.R., France, Japan, and India, The differences among

these various codes are discussed on pager 66 to 70 of CCIR Report 252--2..5"15

Two models ugsed at ECAC are HPMUFES-4 and IONCAP both of which were developed
in the United States by ITS. The HFMIFES-4 model was originally developed
over a decade ago for estimating skywave :i21d strength and transm’ssion

loss. In the United States, the ITS mod2ls have been traditionally considered

U to be the "industry standard” model foi HP propagation. The IONCAP program is
a recently developed model that includes state-of-the-art techniques. It is
considered by ITS to be a replacement for the HPMUFES-4 program. IONCAP,
HPMIFES-4, and the MINIMUF program are described in the following subsections.

5.2.1.1 IONCAP and HFMUFES-4

Although IONCAP and HFMIFES-4 are two completely different and separate
codes, the general engineering features of the two progams are similar in many
ways except for some important improvements added to the IONCAP program.
Consequently, it is convenient to discuss the basic features of these two
models together and to indicate differences in the programs as appropriate.
Unles3 otherwise stated, the basic concerts described in this subsection apply

5=15cCIR Report 252-2, CCIR Interim Method for Estimating SKYWAVE Field
Strengtin and Transmission Logs at Frequencies Between the Approximate
imit. of 2 and 30 Miz, Geneva, Switzerland, 1970.
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to both programs. A summary at the end of this subsection indicates the major

engineering differences between the two programs.

The IONCAP program and the HPMUFES-4 program both calculate the circuit
parameters of a radio signal propagating via the ionosphers. The calculation
of the HF propagation conditions essentially involves predicting two
quantities, the frequencies that are reflected by the ionosphere and the
signal loss over the path. Also the values for loss are used, along with the
calculated antenna gains, the noise levels, and other system parameters, to
calculate the system performance and other values that are directly usable by

an HP operator in establishing and evaluating a communications circuit.

The fonospheric regions used are a D, E, F, and (optionally) sporadic-E
(Eq). The models assume all ionospheric absorption is non-deviative and
occurs in the D-region. The normal E and F regions are assumed to have a —_—
parabolic electron density profile. PFor a given circuit, these layers arse
used to calculate the frequencies at which energy will be reflected back to
the ground. It should be mentioned that, since signal absorption and signal
reflection are controlled by different ionospheric regions, their calculations
are independent of each other, and it is necessary to have frequencies that
are supported by the fonosphere as well as adequate signal-to-noise ratio to
egtablish a circuit.

Bagic ionospheric properties such as F-layer critical freqdency, etc.,
and other geophysical data such as the earth's magnetic field components,
median atmospheric radio noise data, and worldwide land~sea boundaries are
evaluated by numerical techniques, frequently referred to as 'numerical
maps'., In these techniques, large quantities of data collected at worldwide
sites are represented by a Fourier~harmonic series expansion or spherical-
harmonic series expansion. The coefficients used in the series expansion are
evaluated by means of least squarcs fit to the measured data. The measured
data is descrited as a function >f as many as five independent variables, such

as latitude, longitude, universal time, day of year, and sunspot number.
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The coefficients are stored in a mass-storage device and are read into
the computer program during initialization. The measurements on which the
ionospheric coefficients are based were taken during both the high (1958) and
low (1954) phases of the sunspot cycle. The dependence of the ionospheric
parameters on solar activity is accounted for by linear interpolation between
coefficients used to describe the above two sets of measurements.

The propagation frequency varies on a daily basis and is predicted on a /
statistical basis. The probability of signal reflection as a function of s
frequency is assumed to have a chi-square distribution. The upper and. lower
deciles, derived from worldwide ionogram data, are used to set the skaw
property of the distribution. These decile values are computed by a table
look-up process. The predictions are made for the median, upper decile and
lowsr decile values -- the "MUP®, “HPP" and "FOT”" values, respectively.

The mechanisms included in the system—loss computation are free-sgpace
spreading along the slant range of the mode geometry, D-region absorption,
intermediate grou- ‘~-reflection loss for multiple~-hop modes, transamitter and
receiver antenn- ', and an adjustment quantity called excess system
loss. The adjust. ..t is a small empirical correction factor, based on:
measurements, which essentially accounts for complex and time varying loss
mechanismas not included in the theorstical model. This factor is a function o
of geomagnetic latitude and time. The IONCAP program also includes loas

factors for sporadic-E obscurations and, above the MIP, scatter loss.

The program assumes that the logarithm of system loss and, therefore, the
logarithm of signal strength, is distributed {(over a 30-day period for any
specific hour) according to a chi-square probability distribution function.
The two logarithmic intervals extending from the median loss to the upper
standard deviation and from the median to the lower standard deviation are
used to adjust the skew property of the distribution. These two intervals are
obtained by means of a table look-~up procedure. The table is based upon

worldwide measurements.
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. Calculation of the propagation frequencies is based on the assumption of
a parabolic ionospheric layer. Ionospheric characteristics, determined from
"numerical maps”, are used to define the parabolic layer. Path geometry
{take—off angle) of P-layer modes is corrected for ray path bending due to its
passage through a parabolic P layer.

System performance is based upon an estimate of actual signal-to-noise
ratio (SNR) and its Eo-parison with a required signal-to-noise (RSN) value.
The RSN is an input paramster to the program, and it can vary depending on the
desired quality of radio service and the emission format. The estimates of
the systea performance are based on the probability that the predicted SNR
will exceed the RSN.

Radio noise sources accounted for by the program are of three kinds:
atmospheric radio noise, man-msade radio noise, and galactic radio noise.
Receiver noise is not modeled in the program, since the levels of one or more
of the above three types of radio noise are expectsd to exceed typical HP al

receiver noise to an extent that receiver noise can be neglected.

Atmospheric radio noise is based on a numsrical reprssentation of the
noise data contained in CCIR report 322 (see Reference 5-11). Galactic noise
estimates are obtained from measuremsnts and also from CCIR Report 322.

The man-made noise environment is highly variable from one location to
the next and, in fact, is difficult to represent accurately without
measuremsnts or some previous experience. The program addresses this problem
by making available four (three in HFMUFES-4) models of man-sade noise
environments, which are essentially different noise levels. The four models,
called industrial, residential, cural, and remote noise, are estimates of the

nominal noise levels experienced in these areas.

Frequently, the actual noise environment is altered by the presence of
local machinery and equipment, such as dc generators, trucks, jeeps, or

shipboard associated noises, so that a simple description of the noise
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environment by one of the three above models is frequently not adequate.
Hence, there is an option that allows the user to enter the level of man-made

noise to be used in the_ calculations. The value entered {s at the reference

frequency of 3 MHz.

The accessible antenna package (APACK) pz‘oqz:ams'16 has been interfaced
with IONCAP, The APACK program models sixteen frequently used antennas such
as log periodic, vertiéal monopole, Yagi, etc. The gain of the antenna is
computed as a function of frequency, take-off angle and azximuth.

The HPMJFES-4 program contains a similar antenna package, although it is
not as complete as the APACK package. The range of applicability of the
IONCAP and HFMIFES-4 models is as follows:

1) 1In the frequency domain, these programs predict the highest frequency
that can be supported by ionospheric propagation, regardless of how high the
value may be. However, calculations of antenna gains ars made only for
frequencies from 2 to 30 MHz. Accordingly, calculations of received power,
signal-to-noise ratio, and other system parameters that are a tunction‘of

antenna gain are also limited to frequencies from 2 to 30 Miz.

2) Program outputs for the point-~to-point circuits ssy be calculated for
transmitter-receiver separation distances from a few peters to a maximunm
distance of 30,000 km. For the area coverage analysis i{n HFPMJFES-4,
calculations may be made for ranges up to 20,000 km from the base station.
These programs do not include groundwave propagation. For the very short

distances, where both skywave and groundwave propagation ssy be appropriate,
the results for the skywave propagation should be obtained from these

PPy

ST

5'16Chang, S., APACX - A Combined Antenna and Propagation Model,
ESD-TR-80-102, Electromagnetic Compatibility Analysis Center,
Annapolis, MD, July 1981,

1
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E' programs, and the results for the groundwave propagation should be obtained
from one of the other appropriate programs discussed in Chapter 6.

E:'.j 3) 1In the time domain, values of program cutputs are useful for any 30-
day period centered on any day of any year for which a Zurich sunspot number
has been estimated. The ionosphere is an extremely complex medium that is

created in part by solar radiation and, accordingly, has regular variations
associated with time of day, season, and sunspot cycle. The ionosphere also
has irreqular and random fluctuations that can be described only by
statistical methods. The statistical estimates are based on hourly data
gathered over a period of a month. Thus, the SKYWAVE model is typically used

’.
™ L L A g
RS PP

to estimate the propagation conditions for each of the 24 hours of the day on
a monthly basis. The predictions are a function of sunspot number so that, if
predictions are needed for the same month but different years (i.e, different
sunspot numbers), it will be necessary to perform separate calculations for

each year.

Both the IONCAP and HFMJFES-4 models are very user-oriented, with 9
simplified input card structures and more than eighteen different output
formats. The different cutput formats include both tables and graphs
generated on the high speed printer. Instructions on the use of the IONCAP
and HFMJFES-4 programs and their output examples are provided in the
Propagation User'’'s manual.5-17

H
ben { T AR AEIPS Sl aubat et 4 A RNGAS AR
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The IONCAP program consists of a complete revision of HFMJFES-4 to make
the code itself more modern and to change some calculations. Over the years,
a number of improvements have been made to the ECAC version of HFMIFES-4. One
of . the more significant developments was an area-coverage display and )

interfarence analysis. Calculations have historically been made fcr point-to-

5-1 7Baker, R. L., Radio Wave Propagation: A User's Manual, for the Computer
Codes, ECAC-UM-80-001, Electromagnetic Compatibility Analysis Center,
Annapolis, MD, September 1980, 4
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point circuits, i.e., where the location of the transmitting and receiving

sites are fixed. The area-coverage displays consist of contour plots about a

single fixed location. This capability will be added to the IONCAP program in

the future.

The IONCAP program contains the following major improvements or features

that are not available in the HFMJFES-4 program.

1) Addition of an Pl-layer model

2) Revision of the manner in which sporadic-E is used in the mode

calculation

3) Addition of loss terms to account for sporadic~E obscurations.

4) Addition of loss terms to account for scatter propagation at

frequencies above the MUF,

S) Revision of the calculations for long-distance circuits to allow for

the variation of the ionosphere along the path.

It is recommended that project engineers use IONCAP for routine analyses

unless special circumstances require that the HFMUFES-4 program be used (e.g.,

to obtain map overlays of reliability using ECAC's special driver for

HFMUPES=-4.)

5.2.1.2 MINIMJF Program

The Naval Ocean Systems Center (NOSC) at San Diego, California, has

developed a novel algorithm for estimating the maximum usable frequencies

(MUF) for propagation of electromagnetic signals via the ionosphere. This
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' algorithm has been incorporated into a computer program call nnumr-'.5"18 The
significant feature of the program is its very small size, which allows its
use on a small programmable calculator such as the HP-41C., The small size of
the program was achieved by using only six constants to represent different
ionocspheric conditions, including time of day, sunspot number, and season. In
comparison, predictions of the MUF using current state—of -the-art techniques
in IONCAP and HFMUFES-4 require 12,000 coefficients.

i while the small size of the MINIMUFP program makes it attractive, the

MINIMJP predictions are less accurate than the IONCAP and HFMUFES-4

programs. In a previous ECAC studys"‘g for the Navy Electromagnetic Spectrum

Center (NAVEMSCEN), predictions from the MINIMJP program and those from the

HFMJPES-4 program were compared. The results of this study indicated that the

MINIMUP predictions could result ;n sizeable errors for certain conditions.

: Part of the problem with the MINIMUF program is that, with only six

coefficients, it fails to account for important anomalous ionospheric behavior
such as the seasonal anomaly. Also the program does not include the effect of ‘
variations in ionospheric height. For routine project analyses, the IONCAP
program should be used rather than the MINIMIF program to make HF propagation
predictions. The MINIMIF program is useful in spacial situations where the
user needs timely predictions but does not have access to a large scale
computer. The MINIMIF program has been put on the HP-41C apA the UNIVAC 1100
at ECAC. 1If one of tne versions is required, DRD should be -ontacted to
identify an appropriate member of the propagation staff to provide assistance.

5-1 8Rose, R. B. and Martin, J. N., MINIMUP Tech Document 201, Naval Ocean
Systems Center (NOSC), San Diego, CA, October 1978,

5""9Jones, Je L., Riggins, H. L., and Cameron, S. H., Navy Electromagnetic

Spectrum Center Fiscal Year 1979 Support, ECAC-CR-79-076,
| Electromagnetic Compatibility Analysis Center, Annapolis, MD.,
September 1979. e
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~. of Staff 208a Working Group, March 1972.

5.3 VALIDATION

This subsection summarizes the results of studies in which skywave-model
predictions were compared with measurements. Though IONCAP was not always
used for the predictions, the studies are still useful in giving analysts the
order of magnitude of accuracy that is expected from this model.

CCIR Report 255-4 (Reference 5-20) indicates that the errors in
predicting the fon parameter are 158 or less except in 'hiqh ({.e., the shaded
and cross-tatched areas, except the region near the Pquator, shown in Fiqure
7-5 of this Handbook) latitudes where the lnaccuracies may be as high as 40%s.

An extensive analysis of the predicted MUF accuracy of the RFMUFES-4
model was made by Gosnell for the Joint Chiefs of suff.5'21 Observations
were made on 15 paths over a period from 1968 to 1970. The paths were
primarily east-west oriented, ranging in length from 8,000 km to 10,000 km.
No part of any path extended far enough north to be greatly affected hy the
auroral zone. The forward oblique sounder made by Barry Research Corporation
was used to record the data. This equipment has a frequency range from 2.5 to
27.5 MEz. The MUP during daylight periods was often greater than 27.5 MRz, so
that the major results of this data apply to night-time pericds. These
results are summarized in tha form of percentage difference [(predicted MUF -
measured MUP)/measured MUF] for each path and each month. The data was
tabulated for over 290 different path/months., Generall:r, the percentage
difference for most months was between 5 and 15 percent. The difference
exceedad 208 for only five month/path sets of data. In three of these sets,

-

5"ZNDCC.']:R Report 255-4, Long-Term Jonospheric Propagation Predictions,
Recommendations and Reports of the CCIR, Volume VI, p. 36 XIVth
Plenary Assembly, Kyoto, 1978,

5-21Gomnell, P. C., Comparison of Predicted and Observed MUFS, Joint Chiefs
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the percentage difference was less than 22. In the other two cases the
difference was 49% and 28%,

The ionospheric data contained in the IONCAP and HFMJFES-4 model are
based on worldwide, vertical-incidence, ionogram data collected in 1954 and
1958 at over 150 worldwide stations. The numerical technique used involved
fitting a set of spherical harmonic curves to these sets of data. The rms
arror in this curve fitting process was laess than 0.5 Miz for each month of
the 1954 data and less than 0.7 Miz for each month of the 1958 data.>™22 miq
data does not include a significant number of measuréments in the polar
regions.

A compariscn of observed and predicted signa'l strengths is given in CCIR

Report 571-1 for non-polar region-.s"23

Ninety percent of the measuremsnts
were within & 20 dB of the predictions. A CCIR method was used for the
predictions.

Another CCIR study
both IONCAP and HFMUFES-4. This implies that 90% of ’the measurements were

within roughly &% 21 dB of tha predictions.

5-24 showgs that rms errors of 13 dB are typical for ‘;

A study of the prediction accuracy in polar regions was made at ECAC

using OTH radar data. 5-25 This data vﬁs collected over three paths for a

5'22.Iones, W. B., et al., Advances in Tonospheric Mappiug by Numerical
Methods, Tech Note 337, National Bureau of Standards, Washington, DC,
February 14, 1965, |

5"23CCIR, Comparisons Between Cbserved and Predicted Sky-Wave Field Strength

and Transmission Loss at Frequencies Between 2-30 Miz, Report 571-1
Documents of the XIVth Plenary Assembly, Kyoto, Japan, 1978.

5"2“‘(:CIR, Comparison of Methods Used to Compute HP Skywave Pield Strength,
Documeat F6/4 for the Special Preparatory Meeting, 1978.

5°25Latson, R., Comparison of Predicted and Msasured Sky-Wave Propagation Loss
ia the Polar Regions, IIT Research Institute, MD, ESD-TR-73-002,
Annapolis, MD, August, 1973,.
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_period of nine months. The rms prediction error was between 11 and 19 dB,
depending on the path. There was a bias such that the model (an earlier
version of HFMUFES-4) predicted an average of 10 dB too little loss.

5.4 CONCLUDING REMARKS

A recent paper discussing the confidence of the knowladge o iLonnspheric
phenomena that affact communications systems was published by Ruah.s"26 -
Practical advice about choosing an optimum frequency for skywave prcpagation‘ :
appears in the text and tables of a handbook prepared by Jacobs and c::hen.s-n

3=283u8h, C.M., "HP Propagation: what We Know and What We Necd to Xnow," IEE
Conference Publication 195, IEE, London, April 1981,

Nl 5—27Jacobe, G., and Cohen, T.J., The Shortwave Propagation Handbook, Cowan
Publishing, Port Washington, NY, 1979,
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CHAPTER 6
NON=IONOSPHERIC PROPAGATION, 0.1 - 40.0 MHz
By: M. Weissberger

6.1 INTRODUCTION

This chapter discusses modeling of basic transmission loss, Ly, for
signals in the 0.1-40.0 MEz band that are not propagated by reflections or

scatter from the ionosphere.

A manual procedure for computing Zb is presented in Subsection 6.2. The
status of computer codes for predicting this loss is discussed in Subsection
6.3. Validation of the procedures is shown in Subsection 6.4. Subsection 6.5
contains concluding remarks.

6.1.1 Ionospheric vs. Non-Ionospheric Propagation

q.

The models discussed here account for coﬁpling by waves that are not
affectad by the ionosphere. Models to predict coupling via waves reflected by
the ionosphere are discussed in Chapters 4 and 5 of this handbook. This
separate treatment of the two types of coupling is a pattern used in texts

such as Terrestrial Radio WavesS~!

Systems. 6-2

and Electromagnetic Waves and Radiating

Predicting situations in which either the ionospheric or non-ionocspheric
components can be assumed to be completely dominant, or when both will be of a
comparable order of magnitude, is a difficult problem. The solution depends

6-'premmer, H., Terrestrial Radio Waves, Elsevier, NY, 1949.

— 6-sz:tcian, E., Balmain, X., Electromagnetic Waves and Radiating Systems,
Prentice Hall, Englewood C1iffs, NJ, 1968.
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on the frequency, antenna type, time-of-day, season, sunspot number, latitude,

earth conductivity and earth dielectric constant.

Pigures 6-1 and 6-2 show experimental results for one particular set of

parameters. These wers measured by Stanford Rasearch Institute (SRI)6'3.

Reference 6~4 contains an extensive set of measurements of the skywave-
groundwave transition in the HF band. Southwest Ressearch Institute workers
have also conducted axperiments regarding this mattars's. Reference 6-6 shows

a typical prediction for the MPF band.

The straightforward approach to determining which modes of propagation
are significant for a specific set of circumstances is to calculate received
power using the techniques outlined in this chapter, do a similar calculation
using the models recommended in d’mptu‘_ S, and then compare the results.

6'3Tuppor, Ba C. and Haan, G. H., Nap of the BEarth Communication Program for
J.S. Army Helicopters, AVRADCOM-TR-76-0868-~F, June 1978,

6-4Van dexr Vis, P. A., Masasurements on Short Distance HP Data Links, IR 1979~
72, Physics laboratory of the National Defense Resesarch Organization, TNO,
the Hague, the Netherlands, October 1979.

s-sﬂipp, Je.B., and Green, P.C., Measured Sea Path Skywave-Groundwave Signal
Powar Ratios Over the 2-10 MHz Range, Task Report 33, NAVELEX ontract
N-0039-72-C~1275, Southwest Research Institute, San Antonio, TX,
23 January 1976.

6-Gmpm:'t, E. A., Radio Antenna Engineering, McGraw-Hill, New York, NY,
p. 103, 1952.
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Figure 6~1, Measured examples of the ragion where skywave field
strength beging to be comparable in magnitude to the
groundwave field-strength, 2 MHz. This region is
indicated by the fading of the received signal. (From
measurements at Ft. Hood, TX, Reference 6-3.)
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Figure 6-2. Measured examples of the region where skywave field
strength begins to be comparable in magnitude to the

groundwave field strength, 4 Mz, This region is
indicated by fading of the received signal. (From
Measurements at Ft, Hood, TX, Reference 6-3.)
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6.2 MANUAL PROCEDURES FOR COMPUTING LOSS

e Two factors that affect groundwave loss in this band are the constituent
parameters (conductivity and dielectric constant) of the surface along the

:! propagation path and the topographic features of the path. The procedures

described below will accounct for the constituent parameters but not the
topographic features. The uncertainty caused by not accounting for

topographic features is quantified in Section 6. 4.

. The manual procedures address two types of problems. The first problem
is that in which the constituent parameters are relatively constant along the
propagation path. The manual procedure is the set of curves presented in
Section 6.2.1. The second type of problem is that in which segments of the
path have constituent parameters different from the parameters of other parts
of the path. The manual procedure is an equation that generates the proper

answer as the sum of losses computed for segments with constant parameters.

6. 2.1 Curves for Smooth Homogeneous Ground

The basic transmission loss between two antennas, discounting ionospheric

effects, is illustrated in the accompanying graphs. Fiqures 6-3 through 6-9

A

are for vertically polarized isotropic radiators over typical dry land.

LR N

Figures 6-10 through 6-16 are for vertically polarized radiators over sea

6-7, 6=-8

water. The curves are computations of the NLAMBDA computer code. This

model is based on the assumptions that the earth is a smooth sphere and that

6'7Frazier, W. E. and Rutter, J., A Theoretical Ground Wave Propagation

Model, Phase I, ECAC~-TN-003-269, Electromagnetic Compatibility Analysis
Center, Annapolis, MD, January 1967.

6'%4aiuzzo, M. A. and Frazier, W. E., A Theoretical Ground Wave Propagation
_— Model - NA Model, ESD-TR-68-315, Electromagnetic Compatibility
to Analysis Center, Annapolis, MD, December 1968,
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Figure 6-3. Ground wave loss over average earth, 0.5 MHz.
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Figure 6-4. Ground wave loss over average earth, 1.0 MHz.
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Figure 6-5. Ground wave over average earth, 2.0 MH=z.
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Ground wave loss over average earth, 4.0 MHz.
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Figure 6~7. Ground wave loss over average earth, 8.0 MHz.
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Pigure 6-8. Ground wave loss over average earth, 16,0 MHz,
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Figure 6-9.

Ground wave loss over average earth, 32.0 MHz.
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Figure 6-10. Ground wave loss over sea water,

0.5 MHz.




























































































































































































































































































































































































































































































































































































































































































































































































































