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CHAPTER 6Effect of the TroposphereThe troposphere is the lowest portion of earth’s atmosphere extending from the surfaceup to a height of approximately 17 km in the middle latitudes. It is deeper at the equatorand shallower near the poles. It contains approximately 75% of the atmosphere’s mass and99% of its water vapor and aerosols. Most of the phenomena we associate with day-to-dayweather occur in the troposphere.The most important property of the troposphere as far as radio wave propagation isconcerned, is that its temperature decreases with height. The average vertical temperaturegradient of the troposphere is 6 ◦C/km. The troposphere is almost completely transparentto sun rays. Therefore, sun rays cannot heat the troposphere while passing through it. Thesolar energy is absorbed by the earth’s surface, which in turn radiates thermal energy heatingthe troposphere in an upward direction, which causes the negative temperature gradient. Thetemperature difference between the layers of the troposphere results in convective air motion,which is the main reason of meteorological phenomena.The average pressure at the earth’s surface is 1014 mbar. The pressure also decreaseswith height and the typical value of the pressure gradient in the troposphere is 9 Pa/m(90 mbar/km). At an altitude of 5 km, the pressure is nearly halved, at 11 km it is about225 mbar.The troposphere is relatively rich in water vapor content which is caused by the evapo-ration of water from the surface of the oceans, seas and water reservoirs. The water vaporcontent also decreases with height. At an altitude of 1.5 km, the water vapor content is aboutone half and at the upper boundary of the troposphere it drops to only a few thousandthsof its value at the earth’s surface.The three parameters discussed above, namely temperature, pressure, and water vaporcontent determines the refractivity of the troposphere. As we have discussed previously inchapter 3, this typically causes the radio waves to bend downward as they propagate in thetroposphere. However, this is not always the case.6.1. Forms of Atmospheric RefractionThe atmospheric refractivity is related to the refractive index by the formulan = 1 +N × 106 (6.1.1)where the refractivity N is given by, [20],N = 77.6T (P + 4810 eT ) . (6.1.2)Here, P is the atmospheric pressure in hPa, e is the water vapor pressure in hPa, and T is theabsolute temperature in K. The variation of the refractivity with height is typically modeledby an exponential function (reference atmosphere). However, the exponential refractivity93



94 6. EFFECT OF THE TROPOSPHEREprofile is harder to handle and a constant refractivity gradient (standard atmosphere) iscommonly used in the literature, which gives quite good results in the troposphere. In thestandard atmosphere model, the value of the refractivity gradient isdNdh = −4 × 10−2 m−1. (6.1.3)The curvature of the rays as they propagate in a layered atmosphere can be expressed as(see eq. (3.3.11))R = 106−dN/dh m. (6.1.4)In terms of this quantity, we can define an effective earth radius asae = 11− a/R (6.1.5)where a is the physical radius of the earth.Weather conditions in the troposphere may lead to a refractive index distribution withheight which is materially different from its average state. Such changes in the refractivitygradient cause different forms of refraction. The possible forms of refraction are listed inTable 6.1.If the refractivity gradient is positive, the rays bend upwards and the refraction is referredto as negative. If the refractivity does not change with height, the rays will propagate alonglines and this case is called zero refraction. Occurrence of negative or zero refraction isinfrequent but such possibilities must be considered.Positive refraction is the name given to the case when the refractivity decreases withheight, and this is the most typical case. The rays bend downwards. This case is dividedinto five cases. If the bending of the rays is smaller than the standard case, it is called sub-refraction. When the bending of the rays are such that their radius of curvature is the sameas the earth’s radius, it is called critical refraction. Augmented refraction is the case betweencritical and standard refraction. The ray bending is more than the standard case. Superrefraction occurs when the ray bending is more pronounced than the critical refraction.The critical refraction occurs when R = a. Substituting the numerical values in (6.1.4)we find dNdh = − 1066375000 = −0.157 m−1 . (6.1.6)The effective earth radius becomes infinitely large, that is, the equivalent earth becomesa plane. Under critical refraction conditions, a horizontal ray will propagate at constantheight.With super refraction, the radius of curvature of the ray is more than the earth’s radius.Rays leaving the transmitter at small elevation angles will undergo a total internal reflectionand return back to the earth at some distance from the transmitter. The wave will thenbe reflected by the earth’s surface and will undergo a total internal reflection and returnback to the earth again. The waves become trapped in this way and may undergo severalreflections giving rise to abnormally large communication distances beyond line of sight. Thisphenomenon is known as ducting. The occurrence of ducting is quite frequent and deservesfurther investigation.



6.2. SUPER-REFRACTION AND DUCTING 95T���� 6.1. Forms of atmospheric refraction.Form of refraction dN/dh ( m−1) R ( km) ae ( km) k = ae/aNegative > 0 < 0 < 6375 < 1Zero 0 ∞ 6375 1PositiveSub-refraction 0 to −0.04 ∞ to 25000 6375 to 8500 1 to 4/3Standard −0.04 25000 8500 4/3Augmented −0.04 to −0.157 25000 to 6375 8500 to ∞ 4/3 to∞Critical −0.157 6375 ∞ ∞Super-refraction < −0.157 < 6375 < 0 < 06.2. Super-Refraction and DuctingThe refractivity gradient can be obtained by differentiating (6.1.2) with respect to height:dNdh = 77.6( 1T dPdh −(9620eT 3 + PT 2) dTdh + 4810T 2 dedh) . (6.2.1)The pressure always decreases with height and its gradient depends on the weather conditionsonly very slightly. Therefore, the first term is always negative and is nearly a constant. Thetemperature and humidity distributions depend strongly on the weather conditions and largevariations in their gradients are possible. Under normal conditions dT/dh and de/dh are bothnegative. Their values may change drastically, and may even become positive under certainconditions. Temperature inversion is the condition when dT/dh is positive. The humiditygradient may become positive inside clouds and moisture pockets. Thus, super-refractionconditions are mainly determined by temperature and humidity gradients. Among these twofactors, temperature inversions is the decisive one.When the refraction conditions differ from the standard atmosphere, significant changesin propagation occur. Such conditions are known as anomalous, or nonstandard propagation.In dealing with nonstandard refraction phenomena, a modified refractivity which takes theearth’s curvature into account is defined asM = N + ha × 106. (6.2.2)Its use lies in the fact that critical refraction occurs when dM/dh is zero negative gradientsof M indicates super-refraction. A plot of modified refractivity versus altitude is visuallyuseful for identifying nonstandard propagation conditions, especially ducting.6.2.1. Evaporation Ducts. The standard refractive conditions are seldom encounteredin the sea environment. The most common case is the evaporation duct. The air in contactwith the sea surface is saturated with water vapor. The meteorological conditions determinethe ambient value of the humidity and this value is reached within several meters above thesurface. The rapid decrease in the humidity level is accompanied by a rapid decrease inthe refractivity that results in the formation of a low lying surface duct. Such a duct maycause extended communication ranges considerably greater than free space range. Normally,both the transmitter and the receiver must be within the duct layer to benefit from theextended communication range. For example, if a transmitter is located below the height of



96 6. EFFECT OF THE TROPOSPHEREthe evaporation duct, it may be able to communicate over the horizon with a receiver thatis also located within this duct. However, if the receiver is located instead above the heightof the duct, it may have difficulty receiving the transmitted signal, even at ranges within thenormal radio horizon.Evaporation ducts are almost always present, yet their heights are highly variable inspace and time. The height of the duct is a measure of its strength (not the height belowwhich the antennas must be located to have extended propagation) and depends on location,season, time of day, and wind speed. Evaporation duct heights are typically in the range of6 to 30 m.A knowledge about the presence and parameters of an evaporation duct is important, es-pecially in order to estimate the detection range of marine radars. There is no direct methodfor measuring the duct height. Instead, theoretical models based on the meteorological dataare used, [5]. One such model is given in [45].The lowest frequency that can be propagated by a duct is a function of the duct height.The lowest frequency that can be propagated within an evaporation duct is said to be 3 GHz.Table 6.2 gives a rough guide for the lowest frequency that can be trapped by a given ductheight based on [4]. However, as the frequency is increased, the path loss is also increaseddue to high water vapor content.T���� 6.2. Minimum duct height required for propagation, [4].Duct Height Minimum frequency that can be propagated25 m 3 GHz14 m 7 GHz10 m 10 GHz6 m 18 GHzThe presence of an evaporation duct increases the range in the diffraction region. Inthe interference region, the main effect is the increased ray curvature which causes theinterference maxima to occur at lower heights. Near the horizon range, the presence of ductdecreases the signal level, as compared to no duct case.6.2.2. Surface Based Duct. Surface based ducts occur when the upper air is excep-tionally warm and dry as compared to lower air. A body of warm and dry air may be blownover a cooler air, or ground which cools the lower air and results in a temperature inversion.This may occur in the spring time when large masses of air are blown from the warmerregions of earth over the ground still covered by snow. More commonly, the land is heatedfaster than the sea in day time and the warm, dry air is blown over sea. Furthermore, thewater content of the lower air is increased by evaporation and drops of water lifted from thecrests of the waves causing a humidity gradient.Another cause of surface based ducts is the fast cooling of land surfaces on clear nights,especially in the summer time. The earth’s surface loses heat and the surface temperaturedrops, but there is little or no change in the temperature of the upper atmosphere, resultingin a temperature inversion.The common property of these two type of duct is that the inversion starts from thesurface, hence the base of the duct touches the surface. Typically, the height of surface based



6.3. FLUCTUATIONS IN THE TROPOSPHERE 97ducts is below a few hundred meters. The increased height of these ducts (as compared toevaporation ducts) implies that lower frequencies can be trapped. Long range propagationcan occur at frequencies exceeding 100 MHz, and the propagation is relatively insensitive tofrequency.6.2.3. Elevated Ducts. The base of an elevated duct is above the earth’s surface.Elevated ducts commonly occur in the trade wind region. The high pressure regions presentin the trade wind region causes the high altitude air to sink slowly to meet the low altitudemaritime air. This leads to warmer drier air above a cooler moist air, thus forming a duct.The base of the trade wind elevated ducts may range from hundreds of meters to thousandsof meters. Their thicknesses may vary from a few meters to several hundred meters. Thickerducts can support propagation of frequencies as low as 100 MHz. Trade wind ducts can occurabout 40% of the time and give rise to strong persistent propagation throughout most of theyear over at least one third of the ocean, [46].In some cases, the temperature inversion layer causes a stratus cloud layer to form. Insuch cases, the elevated duct layer can be visually identified. In some other cases, thetemperature inversion can be identified by a haze layer formed below it.Figure 6.1 shows the plots of modified refractivity versus altitude for different propagationcases.
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hF���� 6.1. Idealized modified index profiles: (A) Substandard surface layer;(B) profile for standard refraction; (C) superrefractive surface layer; (D) su-perrefractive surface layer with a surface duct; (E) elevated superrefractivelayer with surface duct; (F) elevated superrefractive layer with elevated duct;(G) surface and elevated superrefractive layers with both surface and elevatedducts. In all cases the duct extends along the dashed lines.6.3. Fluctuations in the TroposphereThe models discussed so far are time invariant models. Actually, there are lots of thingsthat are changing with time in a propagation environment. For ground waves and ground



98 6. EFFECT OF THE TROPOSPHEREreflected waves, the surface or reflection point may change its characteristics due to windblown motion of vegetation in rural areas, and due to wave motion over sea surfaces. Motionof vehicles and people may effect the propagation path in an urban environment. Onecan think of many other factors that cause variations in received signal strength. In manycases the 2-D model that we have considered so far is inadequate. Waves may be reflectedand/or diffracted from other objects such as mountains and buildings. This will give riseto a field due to interference of three or more waves. The phase and amplitude variationsin each path will cause variations in the field strength. One other cause of signal variationis the changes in the state of troposphere due to slow changes in the weather conditions.At longer wavelengths and for line of sight paths, these changes are relatively slow andthe signal strength will remain almost constant. Therefore the models previously discussedgive quite accurate results. However, as the wavelength is decreased, small changes in theenvironment (comparable to wavelength) will change the phase of the waves arriving at thereceiver through different paths resulting in relatively large changes in the signal strength.The variations in the signal level is called fading and will be discussed later in Chapter ??.6.4. Tropospheric ScatteringThe diffraction region equations discussed in Chapters 4 and 5 shows that the attenuationfactor decreases rapidly with distance, especially at shorter wavelengths. However, it hasbeen observed that the fields of transmitters in the diffraction region are much larger thanpredicted by the diffraction theory. The main characteristic of the fields observed over longdistances is that they are subject to fading, that is, random variations in signal strengthcaused by changes in the propagation medium.The troposphere is actually a random medium. The refractivity models that we haveconsidered so far only give the mean value of the refractivity. While the refractivity basicallyfollows this model in the mean, its actual value changes quite randomly about the mean. Thetwinkling of stars and far away lights, the wavering appearances of objects seen over warmerregions (such as cities, earth’s surface heated by the sun), the motion of smoke leavingchimneys are all facts that indicate the randomness of the air in the troposphere. Thediscontinuities in the refractive index causes the waves to be scattered while they propagatethrough the troposphere.Let us assume that the irregularities in the refractive index form small scatterers in thetroposphere as shown in Fig. 6.2. This gives us a mechanism to understand the propagationof short wave lengths beyond the horizon due to tropospheric scattering. Consider a smallvolume dV at point Q that can be considered as a scatterer. Let us define σ as the scatteringcross section per unit volume in the troposphere. It must be noted that σ is the bi-staticcross section and will change with the scattering angle θ. Also, scattering cross section hasthe unit of area which means that scattering cross section per unit volume will have the unitm2/m3 (or m−1). Then σ (θ) dV will give us the scattering cross section of the volume dV .By definition, the power re-radiated by the volume dV will be the product of the incidentpower density, say SQ by the scattering cross section σ (θ) dV .



6.4. TROPOSPHERIC SCATTERING 99
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ht hrF���� 6.2. Tropospheric scatter radio link.If we denote the transmitter power by Pt and the transmitter antenna gain by Gt thepower incident power density at Q will beSQ = PtGt4πR21 W/m2 (6.4.1)and the power re-radiated by the volume dV in the direction of receiver will bedSQ = PtGt4πR21σ (θ) dV W. (6.4.2)The power density at the location of the receiver due to the volume dV will bedSB = dSQ4πR22 W/m2. (6.4.3)The power extracted by the receiving antenna will bedPr = dSBAr W (6.4.4)where Ar is the effective aperture of the receiver antenna. Using the fact that effectiveaperture is related to gain byAr = λ204πGr m2 (6.4.5)and combining the above results we getdPr = PtGtGrλ2064π3R21R22σ (θ) dV W. (6.4.6)The total power due to all scatterers in the troposphere is obtained by integrating this resultover all scatterers, or equivalently over the relevant volume of troposphere asPr = PtGtGrλ2064π3 ∫V σ (θ)R21R22dV W. (6.4.7)



100 6. EFFECT OF THE TROPOSPHEREThe total power that would be received if the propagation were in free space isPr,fs = PtGtGrλ20(4πR)2 W. (6.4.8)The attenuation factor is the square root of the ratio of Pr to Pr,fs. Thus, we can writeF = R2√π√∫V σ (θ)R21R22dV . (6.4.9)To calculate the propagation factor, we need to determine the volume V and the distributionof the bi-static radar cross section σ (θ) over this volume. The volume V is that volume ofthe troposphere seen by both antennas. When the receiving and transmitting antennas arehighly directive, R1 and R2 may be assumed to be constant and equal to R/2 within thescattering volume. Furthermore, if the volume is very small, σ (θ) may be assumed to beconstant over the volume. Then we getF = 2R√π√V σ (θ). (6.4.10)Although the approximations made in deriving this result seem to be very crude, they arevalid in tropospheric scattering links and the final expression turns out to be a good approx-imation. In fact, the fading of the signal in tropo-scatterer links is too deep and the averagevalue of the signal changes with time. The value of the attenuation factor is expected togive a long time average which may change by several tens of dB. Therefore, such crudeapproximations are acceptable in tropospheric scatterer link calculations.When the antenna gains are small, the volume V is bounded by the tangent rays frombelow and the upper boundary of the troposphere which is approximately 17 km in the middlelatitudes. The length of the arc seen by the main beam of an antenna with a beam widthof 20 ◦ at a range of 50 km is approximately 17.5 km. Therefore, 20 ◦ beam width may beconsidered as the upper limit to assume that the antennas are high gain.6.4.1. Determination of σ (θ). The troposphere is a turbulent medium in which thelocal air flow changes with time and position randomly both in direction and magnitude.Therefore, the permittivity may be written asκ′ (r, t) = κ′0 + ∆κ′ (r, t) (6.4.11)where r is the position vector, t is the time, κ′0 is the average permittivity, and ∆κ′ (r, t) is azero mean random process that describes the random variations due to turbulent medium.Assuming that ∆κ′ (r, t) is stationary (in space), the spatial correlation functionC (ρ) = ∆κ′ (r1, t)∆κ′ (r2, t)(∆κ′)2 = limT→∞ 12T (∆κ′)2 ∫ T−T ∆κ′ (r1, t) ∆κ′ (r2, t) dt (6.4.12)gives the correlation between the fluctuations in permittivity at point r1 and r2 spaced ρapart, where the bar over terms indicates a time average. The term (∆κ′)2 is the meansquare variations in the amplitude of κ′ which is independent of position and time due to



6.4. TROPOSPHERIC SCATTERING 101assumed stationarity. If we also assume that ∆κ′ (r, t) is ergodic, we may replace the timeaverages by ensemble averages. The correlation function is thenC (ρ) = 1V (∆κ′)2 ∫V ∆κ′ (r1) ∆κ′ (r1 + ρ) dV (6.4.13)where all values are evaluated at the same time. The assumed spatial stationarity implies thatthe correlation function depends only on the distance and not on the direction. Therefore,C (ρ) is a spherically symmetric function, with a peak at ρ = 0 which is equal to unity, anddecreasing monotonically as ρ increases. The average value of C (ρ) given byl = ∫ ∞0 C (ρ) dρm (6.4.14)has the unit of length and is a measure of the average size of the eddies in the turbulence.The scattering cross section per unit volume of the troposphere can be obtained by astatistical analysis as, [18],σ (θ) = (∆κ′)2k40 cos2 θ4π ∫ ∞0 C (ρ) 2 sinKρKρ ρ2dρ (6.4.15)Therefore we need to determine the spatial correlation function C (ρ).The Fourier transform of the spatial correlation function is the spatial energy spectrumgiven byF (K) = ∫ ∞−∞C (ρ) e−jKρdρ = 2 ∫ ∞0 C (ρ) cosKρdρ. (6.4.16)The transform variable K = 2π/L can be considered as the mechanical wave number, withL being a mechanical wavelength (not to be confused with the wavelength of the electro-magnetic waves). That is, F (K) dK is the energy due to eddies of lengths between K andK + dK.Differentiating both sides of (6.4.16) with respect to the variable K and working thedifferentiation under the integral, we can write1K dF (K)dK = −2 ∫ ∞0 C (ρ) sinKρKρ ρ2dρ. (6.4.17)Using this result in (6.4.15) givesσ (θ) = −(∆κ′)2k404π ( 1K dF (K)dK ) cos2 θ. (6.4.18)This final expression relates the scattering cross section to the spatial energy spectrum,F (K).Notice that (6.4.18) expresses σ (θ) as a function of the mechanical wavelengthK. Indeed,the radio waves will be scattered by all sizes of eddies in the turbulent atmosphere, and thetotal scattered power will be given by the sum of them. However, discontinuities of certainsize have much larger contribution. To explain this effect, we will simplify the problem andassume a layered troposphere as shown in Fig. 6.3.



102 6. EFFECT OF THE TROPOSPHERE
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F���� 6.3. Reflections from a layered troposphere.The phase difference between the waves reflected from the boundary 1 and 2 can bewritten as∆φ = 2k0L sin θ2 = |k0,1 − k0,2|L. (6.4.19)Obviously, the scattered power will be a maximum in the θ direction if ∆φ = 2π, or2k0 sin θ2 = 2πL = K. (6.4.20)In other words, for a given frequency of the radio waves, the discontinuities (eddies) thatcontribute most to the power scattered in the direction of the receiver will have a size de-termined by (6.4.20). Actually, (6.4.20) defines a very narrow range of sizes. The scatteredpower will be a maximum if (6.4.20) is exactly satisfied, and will rapidly decrease for discon-tinuities having different sizes. Therefore, for a given frequency and propagation path length(i.e., for a given scattering angle θ) the scattering will be determined by eddies of size L.Figure 6.4 shows the spatial spectrum of functions, F (K), as a function of the mechanicalwavelength along with the scattered power for a wave of wave number k0. The functionF (K) is assumed to have the Kolmogorov spectrum, [47]. Due to the narrowband charac-teristic of the scattered power for a given frequency, the value of σ is determined by only thevalue of F (K) for the value of K determined by (6.4.20).In the turbulent region, the spatial spectrum function can be written as F (K) = AK−a.Using this in (6.4.18) we getσ (θ) = Aaπ(∆κ′)2 cos2 θ4 λa−20(4π)a (sin θ2)−(a+2) . (6.4.21)The value of a is 11/16 for turbulent atmosphere. Then, one would expect that the higherfrequencies are more favorable for tropospheric scattering links. However, the measurementsindicate that the spatial spectrum function may differ from the theoretical Kolmogorovspectrum. There are different theories for deriving and measuring the spatial spectrumfunction, but this topic is beyond our scope.



6.5. TRANSMISSION LOSS CALCULATIONS FOR TROPOSPHERIC SCATTER PATHS 103
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F���� 6.4. Spatial spectrum of fluctuations, F (K), and the scattering condition.Collin, [5], referring to Tatarski, [48], gives the formula−((∆κ′)2K dF (K)dK ) = 32π3 (3.3× 10−2C2n)K−11/3 m3 (6.4.22)and Vc = R3 (θt,1/2)3/2 (θr,1/2)3/2θ (6.4.23)where 2θ1/2 is the half power beam width of the antenna. The factor Cn is called the structureconstant and is given asC2n = 4.2 × 10−14h−1/3e−h/h0 m−2/3 (6.4.24)where h0 = 3200 m and h is the height above the earth’s surface.6.5. Transmission Loss Calculations for Tropospheric Scatter PathsITU-R Recommendation 617-1, [49],describes an algorithm to estimate the average an-nual median transmission loss L (q) not exceeded for percentages of the time q. The horizonangle of a directional antenna, is defined as the angle, in a vertical plane, subtended by thelines extending from the antenna to the local horizon (tangent to earth’s surface) and fromthe antenna in its direction of maximum radiation, as shown in Fig. 6.5. Due to the antenna



104 6. EFFECT OF THE TROPOSPHEREheight, the local horizon and the radio horizon may be different. This angle, denoted by ψin Fig. 6.5 is given by ψ = h/√2aeh.
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F���� 6.5. Definition of horizon angle.We will assume that the great-circle path length d ( km), frequency f (MHz), trans-mitting antenna gain Gt (dB), receiving antenna gain Gr (dB), horizon angle θt (mrad) atthe transmitter, and the horizon angle θr (mrad) at the receiver are given. The proceduredescribed in [49] to determine the average annual median transmission loss L (q) for q = 50%is summarized below.(1) Decide on the appropriate climate for the link in question from the list of nineclimates. Detailed description of the climates are given in [49]. Table 6.3 gives themeteorological and atmospheric structure parameters.T���� 6.3. Values of meteorological and atmospheric structure parametersClimate Description M (dB) γ ( km−1)1 Equatorial 39.60 0.332 Continental sub-tropical 29.73 0.273 Maritime sub-tropical 19.30 0.324 Desert 38.50 0.275 Mediterranean 38.50 0.276 Continental temperate 29.73 0.277a Maritime temperate, overland 33.20 0.277b Maritime temperate, oversea 26.00 0.278 Polar 33.20 0.27



6.6. EXAMPLES 105(2) Calculate the scatter angle θ (defined in Fig. 6.2) asθ = θe + θt + θr mrad (6.5.1)where θe = d × 103/ae (mrad), and ae ( km) is the effective radius of the earth.(3) Determine the transmission loss dependence LN on the height of the common volumefromLN = 20 log10 (5 + γH) + 4.34γh dB (6.5.2)where H = 10−3θd/4 ( km), h = 10−6θ2ae/8 ( km), γ is the atmospheric structureparameter obtained from Table 6.3.(4) Estimate the aperture-to-medium coupling loss Lc from:Lc = 0.07 exp [0.055 (Gt +Gr)] dB. (6.5.3)(5) The estimate of the average annual transmission loss not exceeded for 50% of thetime is given byL (50) = M + 30 log10 f + 10 log10 d + 30 log10 θ + LN + Lc −Gt −Gr dB. (6.5.4)This expression is an empirical formula based on data for the frequency range between200 MHz and 4 GHz. For non-exceedance percentages q greater than 50%, L (q) is given byL (q) = L (50)− Y (q) (6.5.5)where Y (q) = C (q) Y (90) (dB) and C (q) and Y (90) are defined in [49].The loss calculated by the above procedure gives annual median values. In fact, trans-mission loss varies annually and diurnally. In temperate climates, monthly median lossestend to be higher in winter than in summer, and the difference may be 10 − 15 dB on150− 250 km overland paths but decreases as the distance increases. Diurnal variations aremost pronounced in summer, with a range of 5 to 10 dB on 100 − 200 km overland paths.The transmission loss is greatest in the afternoon, and least in early morning. Greater vari-ations are expected for oversea paths than land paths, since the former are more likely to beaffected by super-refraction and elevated layers.In dry, hot desert climates, the variation of the monthly median losses with season of theyear is reversed /as compared to temperate climates) and attenuation reaches a maximumin the summer. The annual variations of the monthly medians for medium-distance pathsexceed 20 dB, while the diurnal variations are very large.In equatorial climates, the annual and diurnal variations are generally small, [49].Apart from the seasonal and diurnal variations, there is also variations in the signalstrength in much shorter time scales as mentioned previously. This is called scintillation orfading and will be discussed in Chapter ??.6.6. ExamplesE������ 24. A tropospheric scatterer link operating at 3 GHz uses Pt = 1 kW, andGt = Gr = 105 (50 dB) with 78% efficiency. The distance is 400 km and link uses 1 MHzbandwidth. Assuming an equivalent noise temperature of T = 600 K, calculate the receivedpower, the SNR, and the attenuation factor. Take Cn = 108.



106 6. EFFECT OF THE TROPOSPHERES������ 25. We can assume that the antennas have symmetrical patterns about theirbore sight since typically parabolic reflector antennas are used. The directivity of the antennasare D = ηG = 78000 and we can estimate the half power beam width from 4π/ (2θ1/2)2 = D,which gives θ1/2 = 6.3 × 10−3 rad. The scattering angle is θ = d/ae and we get K = 2. 96.Using (6.4.22) we find σ (θ) = 2. 0 × 10−9, and Vc = 3. 5 × 1011. Finally we get Pr = 8.3× 10−13 W. The noise power is Pn = 8. 28 × 10−15 W giving SNR = 20 dB.The received power for free space conditions would be Pr,fs = 3. 96 × 10−3 W. Thereforethe attenuation factor is 2. 78 × 10−10 or −96. 8 dB.Using (6.5.4) we would obtain L (50) = 146. 1 dB for climate zone 2. There is a largedifference between the two results. The reason may be that (6.5.4) gives average medianvalues. However, the variations in climate zone 2 is about 20 dB, so this does not explainthe discrepancy. Another reason may be the addition of atmospheric losses and including thepossibility of precipitation over the propagation path.E������ 25. Assume that a tropospheric scatterer link operates at 144 MHz. The prop-agation path length is 250 km, and antenna gains are 16 dB. Both transmitting and receivingantennas have a gain of 16 dB and are looking towards the radio horizon. The path is inMediterranean climate zone. ITU-R Rec. 617-1 gives Y (90) = −9 dB and C (99.9) = 2.41.Determine the average annual median transmission loss not exceeded for 99.9% of the time.S������ 26. By definition we have θt = θr = 0 and θ = θe = 29. 4 mrad. From Table6.3 we find that M = 38.50 dB, and γ = 0.27 km−1. Using (6.5.2) we have H = 1. 84 km,h = 0.918 km, and LN = 15.88 dB. Using (6.5.3) we find Lc = 0.41 dB. Then, using (6.5.4)we get L(50) = 155. 6 dB. Finally, using (6.5.5) we obtain L(99.9) = 155. 6 + 21. 7 = 177.3 dB. The free space path loss for this case would be Lfs = 123. 6 dB. Including the antennagains, we have a difference of 64 dB, but this cannot be defined as an attenuation factor inthe usual sense. Instead we can define it as the annual median attenuation factor.E������ 26. Determine the transmitter power necessary to secure a communicationreliability of 99.9% over a propagation path 400 km long in the Mediterranean climate zone.The frequency of operation is 800 MHz, and antenna gains are 40 dB looking horizontally.The receiver noise figure is 10 and requires 13 dB SNR for operation and the communicationbandwidth is 500 kHz. Ignore fading effects.S������ 27. The angle between the local tangent and radio horizon is very small forpractical antenna heights and we can take θt = θr = 0. Repeating the procedure, we findθ = 47. 1 mrad; H = 4. 71 km; h = 2. 35 km;LN = 18. 7 dB; Lc = 5. 7 dB ; L(50) = 146. 2 dB;L(99.9) = 168 dB.The required power at the receiver isPr = 20kTBF = 4. 14 × 10−13 W = −94 dBm.Thus, the transmitter power should bePt = −94 + 168 = 74 dBm = 25 kW.



6.6. EXAMPLES 107Notice that if the loss were constant at its median value, a transmitter power of 52.2 dBmwould be sufficient. The additional 21. 7 dBm is to secure a communication reliability of99.9%.


