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CHAPTER 7Ionospheric PropagationThe ionosphere is the name given to the upper layer of the atmosphere that constitutesof ionized gases mainly due to solar radiation. To understand the radio wave propagation inthe ionosphere, we need a general understanding of the physical properties of the ionosphere.We will first give a brief summary of the structure of the ionosphere and its characteristics.7.1. The Structure of the IonosphereThe main constituents of the upper atmosphere are the same gases found in the at-mosphere. However, their concentrations differ with height. Heavier gases are found inthe lower parts, while the upper parts are richer in lighter gases, mainly oxygen and nitro-gen. The upper atmosphere is stratified owing to the differences in masses of gases. In thelower parts of the atmosphere, meteorological phenomena mix the air well and prevent theatmosphere to become stratified despite the difference in masses of the constituent gases.Due to the stratification (along with other reasons) the upper atmosphere is divided intoseveral layers. Just above the troposphere is the stratosphere which is layered in temperaturewith warmer layers above and cooler layers below. The border of the troposphere andstratosphere, the tropopause, is marked by where this inversion begins. The reason fortemperature inversion in the stratosphere is the ozone (O3) which absorbs high energy UVBand UVC light. In the upper stratosphere the O2 and O3 molecules are broken down toatomic oxygen by the prevailing bombardment of the UV light. The mid stratosphere hasless UV light passing through it. The O and O2 are able to combine to produce the majorityof natural ozone. In this process heat is released and this is the reason of temperatureinversion in the stratosphere. The stratosphere typically extends between altitudes of 10 kmand 50 km.Above the stratosphere is the mesosphere. The boundary between the stratosphere andmesosphere is called the stratopause. In the mesosphere temperature decreases with increas-ing height. The upper boundary of the mesosphere is the mesopause with temperaturesbelow 130K. The exact boundaries of the mesosphere vary with latitude and with season,but the lower boundary of the mesosphere is usually located at heights of about 50 km andthe upper boundary at heights near 80 − 100 km.The layer above the mesosphere is called the thermosphere. The thermosphere begins atabout 80−100 km above the earth. This is the layer in which the residual atmospheric gasessort into strata according to molecular mass. Thermospheric temperatures increase withaltitude due to absorption of highly energetic solar radiation by the small amount of residualoxygen still present. Temperatures are highly dependent on solar activity, and can rise up to1500 ◦C. Solar radiation ionizes the atmospheric particles in this layer, enabling radio wavesto bounce off and be received beyond the horizon. The upper boundary of thermosphere is109



110 7. IONOSPHERIC PROPAGATIONcalled the thermopause. The exact altitude of thermopause varies by the energy inputs at thelocation, time of day, solar flux, season, etc. and can be anywhere between 500 − 1000 km.The exosphere is the uppermost layer of the atmosphere. The main gases within theexosphere are the lightest gases, mainly hydrogen, with some helium, carbon dioxide, andatomic oxygen. The exosphere is the last layer before outer space. Since there is no clearboundary between outer space and the exosphere, the exosphere is sometimes considered apart of outer space.The ionosphere is a part of the upper atmosphere, comprising portions of the mesosphere,thermosphere and exosphere, distinguished because it is ionized by solar radiation. Figure7.1 shows the layers of the atmosphere and the temperature and electron density variationswith height.
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104 105 106F����� 7.1. Properties of the atmosphere and ionosphere.In the upper atmosphere, the solar radiation causes the molecules to break into atomsas they absorb a quantum of energy. The energy of a photon that breaks the O2 moleculecorresponds to a wavelength of 0.24 µm, and the energy of a photon required to break downthe N2 molecule into its atoms corresponds to a wavelength of 0.127 µm. These wavelengths



7.1. THE STRUCTURE OF THE IONOSPHERE 111are in the ultraviolet and X-ray bands. Thus, the ionosphere absorbs these waves and protectsthe life on earth from their hazardous effects.7.1.1. Ionization. Experimental studies show that the dissociation of O2 begins at analtitude of about 90 km, while dissociation of N2 begins at an altitude of about 220 km. At130 km above the earth, the atmosphere still retains 25% of its O2, and the molecular oxygenpractically disappears at heights above 160 km. At 300 km and above molecular nitrogen alsodisappears. Between 30 to 60 km, solar radiation produces an ozone region.The atoms of the gases in the atmosphere consist of positively charged nuclei and nega-tively charged electron shells around them. Sometimes an electron is broken loose from theouter shell and a positively charged molecule or atom, called ion, is left behind. The processis called ionization. The electrons are attracted to the nucleus and energy is required tobreak them loose. The energy required to remove an electron from its shell is called theionization energy. The ionization energies of the atmospheric gases in the molecular andatomic form are studied in laboratory conditions and Table 7.1 lists some of them. It mustbe noted that the energy required to break O2 molecule into atoms is not the ionizationenergy, but the bond energy. The bond energy of O2 molecule is 498 kJ/mol, while that ofN2 is 945 kJ/mol.T��
� 7.1. Ionization energies of some of the atmospheric gases.Ionization Ionization IonizationGas energy ( eV) frequency (Hz) wavelength (Å)O 13.62 3. 29 × 1015 910O2 12.18 2. 95 × 1015 1018N 14.53 3. 51 × 1015 853N2 15.58 3. 77 × 1015 796If we denote the ionization energy as W , we can say that when a gas is exposed toradiation with energy of photons greater than W , ionization will occur. This is ionizationby absorption of radiation. Since the energy of photons is given by hν, the frequency of theradiation must be greater than a certain frequency, called the ionization frequency, to ionize agiven gas. The wavelength of the ionizing radiation is called the ionization wavelength. Whenthe frequency of radiation is above the ionization frequency, the extra energy is transferredto the kinetic energy of the electron knocked-out of its orbit. If such electrons (or othermolecules) have energies above the ionization energy of another gas, they can ionize that gasupon collision. This is ionization by collision. These two processes take place continuouslyin the atmosphere.7.1.2. Recombination. Ionization is not a one way process. The ionized particlesrecombine with free electrons when they happen to move close enough to one another throughrandom thermal motion to be attracted to each other by electrostatic forces. When thishappens, energy is released in the form of a photon. If the photon released by this process hasenough energy, it will ionize other molecules, otherwise it will penetrate to lower atmosphere.Obviously, the photons that can reach lower atmosphere will mostly have lower energies,although some high energy photon may escape collisions and reach the lower atmosphere.This is how the ionosphere protects life on earth by absorbing ionizing radiation.



112 7. IONOSPHERIC PROPAGATIONAssume that there is a single electron and a single positive ion in one cubic meter ofspace. Let αe be the probability that they will recombine, which is called the recombinationcoefficient. It means that the expected time for the electron and positive ion to collide is 1/αe.If there are two electrons and two ions, the probability of recombination increases four-fold,since there are four different possibilities for recombination. By the same reasoning, if thereare N electrons and N ions in one cubic meter of space, the probability of recombinationwill increase by N2. The number N is actually the number of electrons per unit volume, i.e.,the electron density.The recombination and ionization processes work against each other. At some point,the rate of ionization will be equal to the rate of recombination. This is a dynamic balancedetermined by the equationdNdt = 0 = Is − αeN2 m−3 s−1 (7.1.1)where Is denotes the ionization rate, i.e., the number of electrons produced per unit volumeper unit time by ionization.The rate of ionization depends on the solar energy. If the solar energy suddenly changes,the equilibrium condition is changed and a new equilibrium will be achieved after some time.This may happen for example after sunset. Let at time t = 0 the electron density be N0. IfIs = 0 at t+ the equilibrium condition becomesdNdt = −αeN2 (7.1.2)which can be solved for N (t) as∫ NN0 dNN2 = −αe ∫ t0 dt (7.1.3)or equivalentlyN (t) = N01 + αeN0t. (7.1.4)7.1.3. Ionization in the Real Ionosphere. So far we have discussed the basic mech-anisms of ionization in the ionosphere and stated the basic principles. In the real ionosphere,several other factors play an important role. Among these are the presence of non-ionizedparticles, changes in the temperature, density, and pressure with height, stratification of theatmosphere, and other sources of ionization. All of these factors make it quite difficult totheoretically determine the electron density in the ionosphere. More importantly, the ion-ization density depends heavily on the solar activities, time of day, season of the year and soon. Therefore, the ionization density in the ionosphere is determined through experimentsand observations.There are several layers in the ionosphere in which the ionization density reaches a peakor remains roughly constant. There are three well defined layers designated D, E, and F inorder of increasing height. In the day time the D layer extends between 60 km and 90 kmabove the surface of the Earth and vanishes at night. The E layer extends between heights of90 km and 130 km and exists both during the day and night. However, at certain times thinclouds of intense ionization occur in the upper E layer and lower F layer, called sporadic Elayer, designated Es. The F layer layer extends from about 180 km to more than 500 km.



7.2. RADIO WAVE PROPAGATION IN THE IONOSPHERE 113During the day time the F layer splits into two layers designated F1 (extending between180 km and 240 km) and F2 (extending between 230 km and 400 km). At night, the F1 layerdisappears. 7.2. Radio Wave Propagation in the IonosphereThe high electron density in the ionosphere forms a relatively high conductivity region.The electromagnetic waves of lower frequencies are reflected back from the ionosphere makingvery long distance communication possible. Such waves are called ionospheric waves or skywaves. IEEE standard 211 reserves the word ionospheric waves to the waves internal toionosphere, [40], however, its use is quite common. To understand the electromagnetic wavepropagation in the ionosphere, we will assume that it is a homogeneous ionized gas.7.2.1. Dielectric Constant of Homogeneous Ionized Gas. In an ionized gas thereare two types of charged particles: the positively charged ions, and the free electrons. Theseparticles move under the influence of the electric field component of an electromagnetic wave.However, positively charged ions are much heavier than the electrons and their motion canbe neglected. The motion of the electrons are governed by the equationmedvdt = −eE (t) (7.2.1)where me, e, and v denote the mass, charge, and velocity of an electron, respectively, andE (t) is the time varying electric field vector. For a sinusoidal field we can writejωmeV = −eE. (7.2.2)The induced current in a homogeneous ionized gas having an electron density of N per cubicmeter will then beJ = −eNV = e2NjωmeE. (7.2.3)From Maxwell’s equation we have∇×H = jωǫ0E+ J = jωǫ0(1− e2Nω2ǫ0me)E (7.2.4)which gives the dielectric constant asκ = 1− e2Nω2ǫ0me . (7.2.5)The plasma frequency is defined as ωp = e√N/ǫ0me. Using this definition we can writeκ = 1−ω2pω2 . (7.2.6)It must be noted that when ω > ωp, κ is less than unity, when ω = ωp, κ is zero, and whenω < ωp, κ is negative. The propagation constant of a plane wave is k = ω√µ0κǫ0 = √κk0.This means that when ω < ωp, k will be purely imaginary and the plane waves will becomeevanescent and decay exponentially as they propagate.In this derivation, we have assumed that there is no collision between the electrons. Thisassumption is valid only if the density is very small, as in the case of upper atmosphere. Atlower parts of the atmosphere, the density is much higher and electrons suffer a large number



114 7. IONOSPHERIC PROPAGATIONof collisions with other electrons, ions, and neutral particles. To account for collisions, wemust write (7.2.1) asmedvdt + νmev = −eE (t) (7.2.7)where ν is the number of collisions an electron experiences per unit time. With this correc-tion, the dielectric constant becomesκ = 1− ω2pω (ω − jν) = 1 − ω2pω2 + ν2 − j ω2p(ω2 + ν2) νω . (7.2.8)The real part of κ is the relative permittivity, and the imaginary part is the ratio of con-ductivity to ωǫ0. Note that, the collisions make κ complex. The nonzero imaginary partof κ implies energy loss, which means that some of the energy of the wave is transferred tothermal energy.If ω2 ≫ ν2, we may writeκ′ = 1 − 1ω2 + ν2ω2p ≈ 1− e2Nǫ0meω2 , (7.2.9a)σ = e2Nmeω2ν (7.2.9b)Substituting the numerical values of e = 1. 602 × 10−19C, and me = 9.11× 10−31 kg we findκ′ ≈ 1 − 81Nf 2 F/m, (7.2.10a)σ ≈ 2. 82× 10−8Nνω2 S/m. (7.2.10b)If we ignore the collisions we may write the refractive index of ionized gas asn =√1− 81Nf2 . (7.2.11)7.2.2. Reflection of Waves from the Ionosphere. Since the electron density in-creases with height, the refractive index decreases. Just as in the case of troposphericrefraction, the waves will bend downward as they propagate in the ionosphere. If a planewave is normally incident on the ionosphere, it will be reflected back from the height wherethe electron density is high enough to make κ = 0. For the case of oblique incidence withan angle of incidence ψi as defined in Fig. 7.2, the plane wave will be reflected back from aheight at which √κ = sinψi if such a condition is satisfied.For a given value of ψi, the requirement that κ = sin2 ψi implies that higher electrondensities are required as the frequency is increased since κ = 1 − 81N/f2. Conversely, ifthe maximum electron density is given, there will be a maximum frequency above which thewaves will not return back. For a given frequency f , the critical value of electron density,Ncritical, can be found asNcritical = f2 cos2 ψi81 . (7.2.12)
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heightF����� 7.2. Reflection of plane waves from the ionosphere.In practice, the maximum electron density, Nmax, of the ionosphere at a given time is de-termined by the conditions in the ionosphere. For normal incidence, this implies frequenciesabove fc = 9√Nmax (7.2.13)will not be reflected back. This frequency is called the critical frequency. For obliqueincidence, we find that frequencies abovef = 9√Nmax secψi = fc secψi (7.2.14)will not be reflected back. This frequency is called the maximum usable frequency, (MUF).For a typical value of Nmax = 5×1011/m3, the critical frequency is 6.4MHz. If ψi = 30 ◦,the MUF will be 7.4MHz. If we increase ψi to 60 ◦, the MUF will be 12. 8MHz. The MUFgenerally does not exceed 40MHz. During low solar activity periods, the upper frequencylimit falls down to 25 to 30MHz.The height at which the lines in the direction of incident and returned rays meet is calledthe virtual height of the ionosphere as shown in Fig. 7.2. For all electromagnetic calculations(including time delay), we can replace the ionosphere by a PEC layer at this height. Thevirtual height of the F1 layer ranges from 200 to 250 km, while for F2 layer ranges between250 and 400 km. At night, the two layers combine and the F layer has a virtual height ofabout 300 km. The virtual height of E layer is about 110 km.The main idea in ionospheric communication is to reflect the signals from the ionosphereto arrive at far away distances on the earth’s surface. This makes beyond the horizoncommunication possible. Actually, the wave can be reflected from the earth’s surface andionosphere more than once as shown in Fig. 7.3. The signal transmitted by the transmitterat Tx will be received at points A and B, but not in between. The distance from thetransmitter to the point where the signal reflected from the ionosphere arrives is called theskip distance. Obviously, the skip distance depends both on the initial angle of the rays andthe virtual height of the ionosphere.The horizon angle α (angle between transmitter radiation direction and the local horizon)of the transmitter and the incidence angle ψi are related bycosαae + h′ = sinψiae . (7.2.15)
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BF����� 7.3. Multiple hop communication link.The skip distance is then given bydskip = 2ae (π2 − α− ψi) . (7.2.16)The skip distance will be a maximum for α = 0, and the skip distance can be writtenapproximately asdmax = 2√2aeh′. (7.2.17)The corresponding maximum value of ψi is given byψi = sin−1 aeae + h′ ≈ π2 −√ 2h′ae + h′ . (7.2.18)This value is about 74 ◦ and using this value in (7.2.14) gives the maximum usable frequencyfor maximum ψi asfmax = 3.6fc. (7.2.19)For an electron density of N = 1012/m3 fc = 9MHz and fmax = 32.4MHz. Using the virtualheight of the F layer, which is 300 km, the maximum skip distance is calculated as 4500 km.For the E layer with a virtual height of 110 km, the maximum skip distance is 2700 km. Ifthe desired range is less than the maximum skip distance, the transmitter beam must beelevated above the horizon, resulting in a lower value for MUF. If the desired range is greaterthan the maximum skip distance, a multi-hop link must be used, in which the waves arereflected more than once between the ionosphere and the surface of the earth, as shown inFig. 7.3. It must be noted that the properties of the ionosphere at the reflection point mustbe used for MUF calculations.7.2.3. Ionospheric Measurements. There are many methods to measure the electrondensity as a function of height in the ionosphere. Among these are direct methods suchas direct measurements carried out by space probes, satellites, and stratospheric balloons.An indirect yet very reliable method to observe the ionosphere is the use of ground basedionospheric stations, called ionosondes. An ionosonde, or chirpsounder, is a special radarfor the examination of the ionosphere. It has a high frequency (HF) transmitter that can betuned over HF frequency range, typically 0.5−23MHz or 1−40MHz, though normally sweepsare confined to approximately 1.6− 12MHz. An antenna with a pattern maximum pointed



7.2. RADIO WAVE PROPAGATION IN THE IONOSPHERE 117vertically upwards and is efficient over the whole frequency range is used. A receiver whichtracks the frequency of the transmitter, receives the signals reflected from the ionosphere,and the results are used to plot the virtual height as a function of frequency. Such a plotis called an ionogram. A typical ionogram is shown in Fig. 7.4. There are two importantcharacteristics of an ionogram. Firstly, the virtual heights increase steeply as the criticalfrequency is reached. Secondly, there are double reflections from the F1 and F2 layers. Thisis due to the fact that ordinary and extraordinary waves have different critical frequencies.This topic will be discussed later.

F����� 7.4. A sample ionogram, [2].An oblique incidence sounding stations use a transmitter and receiver located at the endpoints of a propagation path. The transmitter and the receiver must be synchronized forsuch a measurement. This is achieved by transmitting synchronization pulses. However,the difficulty of synchronization and the fixed location of the stations are major drawbacksof such a system. Instead, oblique incidence backscatter sounding stations are much moreuseful. In these systems, the transmitter and receiver are located at the same site. Thetransmit antenna can be directed at different angles. The waves are scattered at the pointM where they hit the earth’s surface and some of the energy is propagated back towards thetransmitter as shown in Fig. 7.5. In the case of oblique incidence sounding, the ionogram



118 7. IONOSPHERIC PROPAGATIONwill exhibit a double reflection at high frequency end as shown schematically in Fig. 7.6. Thegeometry causing double reflection is shown in the same figure.
Tx MF����� 7.5. Ray path in an oblique incidence backscatter sounding.

Frequency f1

H
ei

g
ht

foblique

r

(a) (b)

MUFF����� 7.6. Oblique incidence ionogram showing reflections from different heights.In order to establish an ionospheric propagation link between two stations on earth,one needs to know the MUF for that path. The ionosonde data can be used to obtainthe required data. Practically, daily MUF charts are prepared for different locations andpropagation distances and these charts are used to determine the frequency of operation.Such a daily MUF plot is shown in Fig. 7.7 for a winter month.7.2.4. Maximum Usable Frequency and Optimum Frequency. The critical fre-quency and MUF are different concepts as we have discussed above. The critical frequencyis the maximum frequency that can be reflected by a layer for vertical incidence, while MUFis the maximum frequency that can be reflected by a layer for a given incidence angle. As(7.2.14) indicates, the MUF differs from the critical frequency by a factor of secψi. FromFig. 7.7, we can see that 30MHz would be satisfactory for transmission over a 2000 kmpath during midday. During other times, one may need to change the frequency to establishcommunication.The MUF may show variations about the monthly average of up to 15%. Furthermore, itis desirable to restrict the number of frequencies required to a reasonable number. Therefore,the optimum frequency is selected somewhere between about 50% and 90% of the predictedMUF for a given communication link.As the frequency of a transmission is reduced, multiple hops will be needed for a givencommunication path. This will increase the losses. Also, the losses due to the D layer
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F����� 7.7. A typical MUF chart for propagation paths of different lengths.increase as the frequency is decreased. These two effects mean that there is a frequencybelow which radio communications between two stations will be lost due to reduced SNR.The lowest usable frequency (LUF) is defined as that frequency below which the signal fallsbelow the minimum strength required for satisfactory reception.The LUF is dependent upon both the transmitter and receiver. Their antennas, receivers,transmitter powers, the level of noise in the vicinity, and so forth all affect the LUF. Thetype of modulation used is also important since different types of modulations require dif-ferent SNR for reliable communication. A practical but rough estimate of LUF is given as0.25×MUF with an upper limit of 12MHz.The ITU-R Recommendation P.373-8, [51], gives the following definitions:Operational MUF: The highest frequency that would permit acceptable perfor-mance of a radio circuit by signal propagation via the ionosphere between giventerminals at a given time under specified working conditions, (antennas, power,emission type, required SNR, and so forth).Basic MUF: The highest frequency by which a radio wave can propagate betweengiven terminals, on a specified occasion, by ionospheric refraction alone.



120 7. IONOSPHERIC PROPAGATIONOptimum working frequency (OWF): The lower decile of the daily values of op-erational MUF at a given time over a specified period, usually a month. That is, it isthe frequency that is exceeded by the operational MUF during 90% of the specifiedperiod.Highest probable frequency (HPF): Highest probable frequency (HPF): the up-per decile of the daily values of operational MUF at a given time over a specifiedperiod, usually a month. That is, it is the frequency that is exceeded by the opera-tional MUF during 10% of the specified period.Lowest usable frequency (LUF): The lowest frequency that would permit accept-able performance of a radio circuit by signal propagation via the ionosphere betweengiven terminals at a given time under specified working conditions.ITU-R Recommendation 1239-2, [52], gives methods for the prediction of long termionospheric characteristics needed for radio-circuit design, service planning and frequencyband selection.7.2.5. Attenuation of Waves in the Ionosphere. The complex dielectric constantof the ionosphere is given in (7.2.8). The propagation constant can be written as β + jαwhere α = Re{jω√µ0κ} = Re{√(jωµ0) (σ + jωǫ)} (7.2.20a)= ω√√√√µ0ǫ2 (√1 + σ2ω2ǫ2 − 1), (7.2.20b)β = Im{jω√µ0κ} = Im{√(jωµ0) (σ + jωǫ)} (7.2.20c)= ω√√√√µ0ǫ2 (√(1 + σ2ω2ǫ2)+ 1). (7.2.20d)Using (7.2.8) in these equations givesα = ω√√√√µ0ǫ2 (√1 + σ2ω2ǫ2 − 1) (7.2.21a)= ω√µ0ǫ0√√√√12 (√(κ′)2 + [(1− κ′) νω]2 − κ′). (7.2.21b)It must be noted that as ν → 0, α also goes to zero. Thus, the attenuation is higher at thelower parts of the ionosphere (D layer) since there are more collisions in the denser layers ofthe ionosphere. If σ/ωǫ≪ 1, we can writeα ≈ σ2√µ0ǫ = 12 ω2pνǫ0(ω2 + ν2)√µ0ǫ = 60πe2Nν√κ′me (ω2 + ν2) (7.2.22)which shows that the attenuation is lower at higher frequencies. Therefore, it is desirable touse as high a frequency as possible without exceeding the MUF. The relative permittivity



7.2. RADIO WAVE PROPAGATION IN THE IONOSPHERE 121is typically very close to unity and is zero at the reflection point. Therefore, as a first orderapproximation we may set κ′ = 1. In the HF band (3 − 30MHz) we also have ω2 ≫ ν2 andwe can writeα ≈ 60πe2Nνme (2πf)2 = 1. 35 × 10−7Nνf2 . (7.2.23)Ionospheric measurements show that the maximum electron density (at noon) in F2 layeris 1012 per m3, and for E layer, 1011 per m3. The collision frequency is about 103 per secondfor the F2 layer and about 106 per second for the E layer. The product Nν is 1017 in Elayer and 1015 in F2 layer. This means that the absorption of HF waves in the E layer ishundred times larger in than that in the F2 layer. Actually, the D layer just below the Elayer has much higher electron density and collision frequency. In this region however, theassumption ω2 ≫ ν2 is no longer valid. Although the absorption does not decay with f 2 inD layer, it still decreases as the frequency is increased.7.2.6. Effect of Earth’s Magnetic Field. When an electromagnetic wave passesthrough the ionosphere, the ions and electrons in the ionosphere are influenced by the field.The earth’s magnetic field also affects the motion of the ions and electrons in the ionosphere.This forces the charged particles to move in spiral paths. This makes the ionosphere ananisotropic medium, that is, a medium which has different properties in different directions.The force on a free electron moving with a velocity v in a permanent magnetic field B0is given byF = −ev ×B0 (7.2.24)which forces the electron to rotate on a circular orbit. This force must be countered by thecentrifugal force which givesmev2a = evB0 (7.2.25)where a is the radius of the circular orbit of the electron. Solving for a from this equation,we find a = meveB0 . (7.2.26)The rotation period of the electron is thenT = 2πav = 2πmeeB0 (7.2.27)from which we can calculate the angular frequency asωc = 2πT = eB0me (7.2.28)which is called the cyclotron frequency.Let us choose a coordinate frame in which the earth’s magnetic field is B0 = B0az. Ifan ac field Eejωt, Hejωt is also present, the force acting on an electron will be (in phasornotation)F = −e (E+V ×B0 +V ×B) . (7.2.29)



122 7. IONOSPHERIC PROPAGATIONWe also haveB = µ0H = µ0Y0E = Ec (7.2.30)where c is the speed of light. Thus, the force due to ac magnetic field is smaller than theforce due to ac electric field by a factor of V/c, and can be neglected. Including the dampingforce due to collisions, we can write the equation of motion as(jω + ν)meV = −e (E+V ×B0) . (7.2.31)The motion of the electrons will cause an ac current. assuming N electrons per unit volume,we can write the current density asJ = −eNV. (7.2.32)Combining (7.2.31) and (7.2.32) we get(jω + ν)J+ωcJ× az = e2Nme E = ǫ0ω2pE (7.2.33)where we have used the definitions of plasma and cyclotron frequencies. In matrix form jω + ν ωc 0−ωc jω + ν 00 0 jω + ν  JxJyJz  = ǫ0ω2p  ExEyEz  (7.2.34)which can be inverted to give JxJyJz  = ǫ0ω2pω2c + (ν + jω)2  jω + ν −ωc 0ωc jω + ν 00 0 ω2cjω+ν + jω + ν  ExEyEz  . (7.2.35)This equation defines the conductivity of the ionosphere as a tensor. Using tensor notationwe can writeJ = σ̄ ·E (7.2.36)where σ̄ = ǫ0ω2pω2c + (ν + jω)2 [ (jω + ν) (axax + ayay)+ωc (ayax − axay) + ω2c−(ω−jν)2jω+ν azaz ] . (7.2.37)From Maxwell’s equation∇×H = jωǫ0E+ σ̄ ·E (7.2.38a)= jωǫ0(Ī+ σ̄jωǫ0) ·E (7.2.38b)we see that the dielectric constant is also a tensor given byκ̄ = Ī+ σ̄jωǫ0 =  κ1 −jκ2 0jκ2 κ1 00 0 κ3  (7.2.39)



7.2. RADIO WAVE PROPAGATION IN THE IONOSPHERE 123where κ1 = 1− (1− jν/ω)ω2pω2 (1− jν/ω)2 − ω2c , (7.2.40a)κ2 = ω2p (ωc/ω)ω2 (1− jν/ω)2 − ω2c , (7.2.40b)κ3 = 1− ω2p/ω2(1− jν/ω) . (7.2.40c)If we assume a uniform plane wave solution in the ionosphere, the E and H fields will bein the form Ee−jk·r and He−jk·r where k is the propagation vector. The Maxwell’s curlequations will give−jk×E = −jωµ0H, (7.2.41a)−jk×H = jωǫ0κ̄ ·E. (7.2.41b)Taking the cross product of the first equation and substituting in the second givesk× (k×E) = kk ·E− k2E = −ω2ǫ0µ0κ̄ ·E (7.2.42)which can be written as(kk+ k20κ̄− k2Ī) ·E = 0. (7.2.43)Writing this equation in matrix form gives k2x + k20κ1 − k2 kxky − jk20κ2 kzkxkxky + jk20κ2 k2y + k20κ1 − k2 kykzkzkx kykz k2z + k20κ3 − k2  ExEyEz  = 0. (7.2.44)A nontrivial solution exists if and only if the determinant of the coefficient matrix vanishes.Instead of trying to obtain general solutions, we will consider two special cases.7.2.6.1. Case 1: Propagation perpendicular to B0. Let us choose k = kxax = kax. Thematrix equation in (7.2.44) becomes k20κ1 −jk20κ2 0jk20κ2 k20κ1 − k2x 00 0 k20κ3 − k2x  ExEyEz  = 0. (7.2.45)If Ez �= 0, we must havek1k0 = √κ3. (7.2.46)If the determinant of the 2 × 2 leading principle minor of the determinant is nonzero, wemust have Ex = Ey = 0 which means Hx = Hz = 0. We then find−EzHy = 1√κ3Z0. (7.2.47)The wave in this case is not affected by the permanent magnetic field. Indeed, since E is inthe same direction with B0, the electrons move in the direction of the magnetic field and arenot deflected by B0.



124 7. IONOSPHERIC PROPAGATIONIf ∣∣∣∣ k20κ1 −jk20κ2jk20κ2 k20κ1 − k2x ∣∣∣∣ = k20 (k20 (κ1 − κ2) (κ1 + κ2)− κ1k2x) = 0 (7.2.48)we can have a solution for which Ex and Ey are nonzero. This condition can be written ask2k0 =√(κ1 − κ2) (κ1 + κ2)κ1 . (7.2.49)Since (7.2.46) and (7.2.49) cannot be satisfied simultaneously (except for ω = 0) we musthave Ez = 0, which implies that Hx = Hy = 0. ThenEyHz = k0k2Z0, (7.2.50)ExEy = jκ2κ1 . (7.2.51)These results show that there are two distinct cases for propagation in the directionperpendicular to the earth’s magnetic field. If E is parallel to B0, the wave is not affectedby B0 and has the same phase velocity as if B0 were not present. This wave is called theordinary wave. If E is perpendicular to B0, the phase velocity will be affected by B0. Thiswave is called the extraordinary wave. In general, a wave will have components both paralleland perpendicular toB0. Such a wave will split into ordinary and extraordinary waves whichwill travel different paths with different phase velocities and time delays. The extraordinaryray suffers greater absorption and has a slightly higher critical frequency.7.2.6.2. Case 2: Propagation parallel to B0. Let us now assume that k = kzaz = kaz.The matrix equation in (7.2.44) for this case is k20κ1 − k2 −jk20κ2 0jk20κ2 k20κ1 − k2 00 0 k20κ3  ExEyEz  = 0. (7.2.52)Obviously, we must have Ez = 0, making Hx = Hy = 0. For a nontrivial solution we musthave ∣∣∣∣ k20κ1 − k2 −jk20κ2jk20κ2 k20κ1 − k2 ∣∣∣∣ = (k20κ1 − k2)2 − (k20κ2)2 = 0. (7.2.53)There are two possibilities to satisfy this equation:k23k20 = κ1 + κ2 → ExEy = −j, (7.2.54a)k24k20 = κ1 − κ2 → ExEy = j. (7.2.54b)In both cases the field is circularly polarized but in opposite senses. The phase velocities ofthe two waves are different.



7.3. REGULAR AND IRREGULAR VARIATIONS OF THE IONOSPHERE 125Any linearly polarized wave can be considered as a superposition of two circularly polar-ized waves rotating in opposite directions. With the above notation, we can writeE3 = E (ax − jay) e−jk3z, (7.2.55a)E4 = E (ax + jay) e−jk4z. (7.2.55b)Note that ET = E3 + E4 is a wave linearly polarized in the x direction at z = 0. Whensuch a wave propagates in the direction of the earth’s magnetic field in the ionosphere, thetwo circularly polarized components will propagate with different phase velocities. After adistance, say l, in the ionosphere the electric field isET (l) = E (ax − jay) e−jk3l + E (ax + jay) e−jk4l (7.2.56)which can be written asET (l) = 2Ee−j(k3+k4)l/2(ax cos (k3 − k4) l2 − ay sin (k3 − k4) l2 ) . (7.2.57)Notice that the field is still linearly polarized, but in a different direction. The direction ofpolarization is φ relative to the x axis whereφ = (k4 − k3) l2 . (7.2.58)That is, the polarization direction rotates at a constant rate in the ionosphere. This phe-nomenon is known as Faraday rotation.7.3. Regular and Irregular Variations of the IonosphereConditions in the ionosphere depend heavily on the solar radiation. This causes fairlyregular variations throughout the day and with the season of the year. The F layer which hasa height of about 300 km during the night, splits into two separate layers called F1 (lower)and F2 (upper). The E layer exists only during the day. At night its critical frequency fallsbelow 1MHz. Its virtual height remains constant at 110 − 120 km and does not show anyseasonal or yearly variations.Since there are irregular variations over a day, the monthly averages of the critical fre-quencies and the virtual heights of the normal ionospheric layers are plotted for differentseasons. Such plots are shown in Fig.s 7.8 and 7.9. The sunspot cycle affects the ionosphereand the ionospheric properties show variations in synchronism with the 11 year sunspotcycle. The critical frequencies are much higher during sunspot maxima. Typically, criticalfrequencies for both ordinary and extraordinary waves are plotted in such figures and aredesignated by a letter o for ordinary and x for extraordinary waves. For example foF1 woulddesignate the critical frequency of the ordinary wave for the F1 layer, and fxE would desig-nate the critical frequency of the extraordinary wave for the E layer. However, only criticalfrequencies for the ordinary waves are shown in Fig.s 7.8 and 7.9. The ionosphere variesalso with seasons. In winter, the sun is always lower over the horizon than in summer. Thisaffects the critical frequencies of the D, E and F1-layers, which are higher in summer sincethe solar energy per unit area is higher in summer than in winter. But this is the oppositefor the foF2 at mid-latitudes that shows its greatest variation in winter. This difference isknown as the “mid-latitude seasonal anomaly” and is basically due to the seasonal changesin the relative concentrations of atoms and molecules.
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4 8 12 16 18 24F����� 7.8. Monthly average of diurnal variations of critical frequency andvirtual height of regular ionospheric layers for summer, (after [3])In addition to the regular variations of the ionosphere, there are irregular and oftenunpredictable variations. One of these irregular variations is known as the sudden ionosphericdisturbance (SID or Dellinger effect) which is caused by sudden bright eruptions on the sun.This will cause total radio fade out which may last from a few minutes to a few hours.The solar flares cause an increase in the ionization of the D layer which absorbs the higherHF frequencies. Only the very low frequencies can be reflected and actually, the sky wavestrength of these signals increase during an SID. This effect always happens during day.Sometimes a solar flare causes a gradual change in the ionization densities. In such casesthe disturbance generally lasts longer, up to several hours. The absorption of the waves isnot as complete as in the case of an SID and radio communication may be continued athigher frequencies.A third type of irregularity is known as ionospheric storms which are caused by highenergy electrons released by the sun. This makes the ionosphere turbulent and the normalstratification of the ionosphere is disturbed. As a result, the propagation of electromagneticwaves becomes very erratic. Generally, the communication can be maintained by loweringthe frequency. Ionospheric storms generally occur at 27 day intervals which is the periodof the rotation of sun about itself. This indicates that certain areas on the sun are moreactive. Ionospheric storms may cause damage to power distribution lines and may result inblackouts.Another type of irregularity occurs only in polar regions during a sunspot maximumand is known as polar cap absorption (PCA). This phenomenon is associated with release of
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F����� 7.9. Monthly average of diurnal variations of critical frequency andvirtual height of regular ionospheric layers for winter, (after [3])high-energy protons from solar flares. These particles can hit the earth within 15 minutesto 2 hours after the solar flare. The protons spiral around and down the magnetic fieldlines of the earth and penetrate into the atmosphere near the magnetic poles increasing theionization of the D and E layers. PCA’s typically last anywhere from about an hour toseveral days, with an average of around 24 to 36 hours.7.4. HF Ionospheric Link CalculationsThe design and calculation of HF ionospheric links is basically a two step procedure. Thefirst step is to determine the link structure and choose the optimum working frequency, andthe second step is to estimate the field strength.For the first step, ionospheric maps are used. These maps give the MUF for variouspredetermined distances and are designated as MUF-3000 or MUF-4000, depending on thedistance. The MUF-0 is actually a map of critical frequencies. Of course, the maps for F2and E layer are different, and the maps vary with time of day. It must be noted that the MUFat the reflection point (or points if more than one hop is used) must be considered. For mul-tiple hop links, the MUF at each reflection point must be calculated and the smallest of thesevalues must be used since the reflection conditions are decided by the one with the lowestMUF. The optimum working frequency is chosen as 10% lower than the MUF to ensure con-tinuous working despite unforeseen fluctuations in ionosphere conditions. The Institute forTelecommunication Sciences (a U.S government agency NTIA/ITS) provides software free of



128 7. IONOSPHERIC PROPAGATIONcharge, as is to be used for any purpose at the web site http://elbert.its.bldrdoc.gov/hf.html.The software HFWIN32 for Windows-NT/2000/XP can be used for HF circuit calculations.Although the ionosphere generally behaves very regularly, it is a random medium. Thefield strength has regular and random variations. Therefore, as in the case of troposphericpropagation, median values of the field strength is estimated. Although there are severalmethods for median field strength prediction, we will consider a simple method describedin [19]. In this method, the received field is a combination of the waves that arrive at thereceiver after different numbers of reflections. The total field is then given byErms =√√√√ m∑i=1 E2rms(i) (7.4.1)where m is the number of rays (not the number of hops). The 1st ray is the intended rayand the rays are sorted in increasing number of reflections. Therefore, it is proposed that mshould be less than three.The median value of attenuation function for the each ray is given byFm = 12 1 +R2 Rn−1 exp[− n∑j=1 Γj] (7.4.2)where R is the modulus of the reflection coefficient for the earth’s surface, n is the numberof reflections from the ionosphere, and Γj is the absorption coefficient at the jth reflectionpoint.The coefficient 1/2 in (7.4.2) represents a 6 dB attenuation. 3 dB of this factor is due tothe receiving antenna being linearly polarized while the wave becomes elliptically polarizedin the ionosphere. The remaining 3 dB is due to the losses caused by the wave splitting intoordinary and extraordinary rays.The term (1 +R) /2 accounts for the effect of ground reflected wave at the receiving end.In practice, the beam of the receiving antenna cannot be directed exactly in the direction ofthe incoming wave, since the height of the reflecting layer is not exactly known and/or maychange due to variations in the ionospheric conditions.The next term in (7.4.2) accounts for the losses due to reflections from the ground in amulti-hop link.The fourth term takes the ionospheric absorption into account. The absorption coefficientat the jth reflection point is the sum of the absorption coefficients due to different layers ofthe ionosphere given byΓj = ΓD + ΓE + ΓF1 + ΓF 2. (7.4.3)These coefficients can be calculated using (7.2.21) as Γx = −αxlx where αx and lx are theattenuation constant and path length of the ray in respective layers. If the reflection occursfrom lower layers, the contributions from higher layers must be omitted. For layers belowthe reflection layer, approximations in (7.2.22) and (7.2.23) can be used. For the reflectionlayer, the assumption κ′ = 1 is not valid since at the reflection height we need to have κ′ = 0.The latter case is called deviative absorption while the former case is called non-deviativeabsorption.



7.5. EXAMPLES 129The ITU-R Recommendation P.533-10, [53] gives a detailed procedure for the compu-tation of median field strength. The procedure uses empirical formulations from the fit tomeasured data. A computer program (REC533) associated with the prediction proceduresdescribed in ITU-R Recommendation P.533-10 is available from that part of the ITU-R web-site dealing with Radiocommunication Study Group 3. This procedure is also included inHFWIN32. 7.5. ExamplesE����
� 27. Determine the velocity v that an electron should have in order to ionizemolecular oxygen by collision.S�
����� 27. Equating the kinetic energy of the electron to the ionization energy we get12mev2 = 12. 18 eV = 1. 95 × 10−18 J (7.5.1)from which we find v = 2.07× 106m/ s. This velocity is only 0.69% of the speed of light andtherefore relativistic correction is not necessary.E����
� 28. Assume that the MUF for a radio link of 2000 km is 30.6MHz and thevirtual height is 200 km. Calculate the critical frequency of the reflecting region.S�
����� 28. For distance d and a virtual height h′, the incidence angle can be solvedby using (7.2.15) and (7.2.16) assinψi = sin d2ae√( h′ae)2 + 4(1 + h′ae) sin2 d4ae (7.5.2)which gives ψi = 1. 317 rad. Using (7.2.14) we findf = 30.6sec 1. 317 = 7. 68MHz. (7.5.3)E����
� 29. Assuming that the D layer has an electron density of N = 4 × 108 m−3,determine the frequency at which the index of refraction becomes 0.5. Ignore collisions of theelectrons.S�
����� 29. Using (7.2.11) we can write0.5 =√1− 814× 108f 2 (7.5.4)which yields f = 0.20 8MHz.E����
� 30. Determine the minimum electron densities corresponding to critical fre-quencies of 2.5MHz and 8.5MHz.S�
����� 30. The critical frequency and electron density are related by (7.2.13). Solvingthe electron density gives N = f2c /81. Thus N = 7. 72 × 1010m−3 for fc = 2.5MHz andN = 8. 92 × 1011m−3 for fc = 8.5MHz.



130 7. IONOSPHERIC PROPAGATIONE����
� 31. Assume that an HF communication link between two points on earth at adistance of 2500 km is to be established using reflections from F1 layer with a virtual heightof 200 km. The critical frequency is 5MHz. Determine the maximum usable frequency.S�
����� 31. For this geometry the incidence angle is ψi = 1. 341 rad. Then the maxi-mum usable frequency isf = fc secψi = 2 1.95MHz (7.5.5)E����
� 32. Assume that the maximum skip distance for f = 30MHz is 3400 km.Determine the virtual height and the critical frequency of the reflecting layer.S�
����� 32. From (7.2.17) we can determine the virtual height ash′ = d2max8ae = 170 km. (7.5.6)The value of α for maximum skip incidence is zero. Then from (7.2.18) the incidence anglewill be ψi = sin−1 aeae + h′ = 1. 372 rad (7.5.7)and from (7.2.14) the critical frequency is found asfc = fsecψi = 5.92MHz. (7.5.8)E����
� 33. Determine the link geometry and basic parameters of an HF communica-tion link with a great circle nominal distance of 6800 km.S�
����� 33.S�
����� 34. The virtual height of the reflecting layer to have 6800 km skip distance ish′ = d2/ (8ae) = 680 km. However, this is above the F2 layer. Therefore the required servicemust be based on a double hop with 3400 km each. Using a nominal virtual height value of300 km, we find ψi = 1. 299 rad = 74. 46 ◦. This gives α = 4. 08 ◦, i.e., the transmitting andreceiving antennas must have their direction of maximum radiation (horizon angle) above thehorizon by this amount. The electron concentration of the F layer is about 5×1011m−3 underdaytime conditions. The critical frequency is then fc = 9√N = 6.36MHz and the maximumusable frequency is fMUF = 6.36 secψi = 23. 75MHz. The operational frequency can be chosenabout 21.3MHz. This corresponds to international 13m band (21.450 to 21.850MHz). Butthe seasonal and diurnal variations will cause interruptions in the communication. Generally,this band has somewhat shaky day reception, and very little night reception. The link may beused only by adjusting the frequency several times during the day. During the night, multiplehops should be considered to secure communication.E����
� 34.S�
����� 35. To direct the main beam in the desired direction, one can use an antennaat a height ha above the ground. The antenna and its image forms a two antenna array witha separation of 2ha. Typically vertically polarized antennas are used thus the antenna andits image are in phase. The array pattern will then be given byf (θ) = A cos (kha sin θ) (7.5.9)



7.5. EXAMPLES 131where θ is measured from the local horizon. For this pattern to have a maximum in thedirection α we must havekha sinα = nπ (7.5.10)which gives for ha = 99m (for n = 1).Note that this solution is overly simplified. Actually, the variation of MUF during theday at the location of reflection should be considered, which is affected by the time of day,time of year, and solar activity.E����
� 35. A short-wave broadcasting service is to be established over a distance of6000 km in three hops. Assume that the reflection takes place at a height of 250 km andthat the electron density is 9 × 1012m−3. Determine the maximum usable frequency, theoperational frequency and the angle of incidence.S�
����� 36. The solution procedure is similar to the previous example. We find ψi =72. 80 ◦, α = 10. 46 ◦, fMUF = 27MHz, fOWF = 24. 3MHz (11m band).E����
� 36. A plane wave of frequency 15MHz propagates through a distance of 200 kmin the ionosphere with an average electron density of 5 × 1010m−3. Assuming that the col-lisions are negligible, find the amount of Faraday rotation produced. The earth’s magneticfield is 30 µT.S�
����� 37. The cyclotron frequency is calculated from (7.2.28) as ωc = eB0/me = 7.91× 106 rad/ s. The plasma frequency is calculated as ωp = e√N/ǫ0me = 1. 26× 107 rad/ s.If we neglect the collisions, (7.2.40) reduces toκ1 = 1− ω2pω2 − ω2c = 0.982 , (7.5.11a)κ2 = ω2p ωcω (ω2 − ω2c) = 1.51× 10−3. (7.5.11b)Thus, from (7.2.54) we findk3 = √0.983 512πλ ; k4 = √0.980 492πλ . (7.5.12)The wavelength is 20m and the amount of Faraday rotation can be calculated asφ = (k3 − k4) l2 = 4. 79 rad = 274 ◦.E����
� 37. A plane wave is propagating in the direction of earth’s magnetic field in theionosphere with a cyclotron frequency of fc = 1.2MHz. The frequency of the wave is 6MHzand the average electron density is 1011m−3. Assuming a collision frequency of ν = 103determine the attenuation constants for the left and right circularly polarized waves.



132 7. IONOSPHERIC PROPAGATIONS�
����� 38. Using (7.2.40) we first findκ1 = 1− (1− jν/ω)ω2pω2 (1− jν/ω)2 − ω2c = 0.658 − 1. 22× 10−5j, (7.5.13a)κ2 = ω2p (ωc/ω)ω2 (1− jν/ω)2 − ω2c = 8. 210× 10−2 + 5. 55× 10−6j, (7.5.13b)κ3 = 1− ω2p/ω2(1− jν/ω) = 0.678 − 1. 03 × 10−5j. (7.5.13c)and from (7.2.54) we getk3 =√(κ1 + κ2)2π50 = 0.108 − 4.857 × 10−7j, (7.5.14)k4 =√(κ1 − κ2)2π50 = 9. 536 × 10−2 − 1. 470× 10−6j. (7.5.15)The propagation constant of the left hand polarized wave is k3 and that of the right handpolarized wave is k4. Thus, the attenuation constant for the left hand polarized wave is4.857× 10−7Np/m or 4.22× 10−3dB/km, while the attenuation constant for the right handpolarized wave is 1. 470 × 10−6Np/m or 1. 28× 10−2dB/ km.


