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It has long been recognized that surface reflection on overwater microwave radio relay paths plays an 
important role In causing frequency selective multipath fading. However, there has been a tendency among 
many radio scientists and engineers to assume that similar but less prevalent fading on most overland 
paths arose mainly from multiple paths through the atmosphere. With the Introduction of w1de-band digital 
radio into microwave relay networks, the origin of selective fading has been investigated with renewed 
interest because of the damaging effects of distortion. There is mounting experimental and theoretical 
evidence that ground reflection and scattering has an Important role In producing much of the selective 
multipath propagation effects on overland links. This paper reviews both old and new evidence, providing 
some new Insights Into the complex mixture of mechanisms Involved. Some resulting implications for the 
design of digital radio links are also discussed. 

1. INTRODUCTION 

Much of the severe fading on terrestrial line-of-slght mlci wave links has long been recognized to be 
due to multipath propagation. Its potential to cause thermal noise outages in analog radio systems was 
discovered early and taken Into account In system design. The less significant effect of Intermodulation 
noise resulting from the often frequency selective nature of the most severe fading was more-or-less 
tolerated, even with Increased system bandwldths (Hubbard, 1984). Then with the design and testing of the 
first wide-band digital radio systems. It was gradually recognized that the distortion resulting from the 
frequency selective nature of the fading was a more serious source of outage than thermal noise. This 
resulted In a simultaneous effort by engineers to design radios more Immune to this distortion and by 
propagation researchers to determine more precisely its source and quantify its effect. 

It has been known for many years that surface reflection on overwater microwave paths causes deep 
frequency selective fading. The potential adverse effects on relatively flat overland paths was also 
recognized and experiments conducted to determine effective reflection coefficients (e.g., Matsuo et al., 
1953; Bullingtor, 1954). However, It appears that deep Interference fading on the longer rougher overland 
paths was usually attributed almost entirely to atmospheric mechanisms, 1n particular to atmospheric 
multipath. It Is now possible to find many papers in the scientific literature that treat most 
Interference fading on overland links In general as resulting from atmospheric multipath. As late as 
1982, even the CCIR (1982) left the Impression that the effects of ground reflection were Insignificant 
for the majority of overland paths. 

Now with the renewed Interest In the effects of multipath propagation on digital radio systems, there 
Is mounting experimental and theoretical evidence that ground reflection and scattering has an Important 
role In producing much of the selective fading on overland paths. Associated with this Is the equally 
Important evidence that atmospheric effects, and particularly defocussing, are responsible for reducing 
the direct signal to a level where the ground reflected signal can Interfere destructively with It. The 
aim of this paper Is to review the evidence. 

In reviewing the evidence, the authors wish to avoid leaving the Impression that the importance of 
ground reflection on overland paths has been almost totally Ignored. There have Indeed been a number of 
works. Including those of Beckmann and Splzzlchlno (1963) and Dougherty (1968), In which its Importance 
has not been overlooked. Fortunately there Is now considerably mor* Information from which to make a new 
assessment. To more quickly advance future Investigation, some speculation (possibly Incorrect) Is 
Included In this assessment. 

The various atmospheric and surface mechanisms that have been considered responsible for fading on 
terrestrial microwave paths are summarized In section 2. The experimental and theoretical results that 
the authors consider to be evidence for the Importance of terrain reflection are then considered In turn 
In section 3. Section 4 presents some new Implications resulting from the Importance of terrain 
reflection, and section 5 presents conclusions. 
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(a) 

2. PHYSICAL NECHAMISMS OF INTEREST 

A number of clear-air fading mechanisms on terrestrial microwave paths have been proposed and 
investigated over about the last four decades. These will be summarized first before presenting the 
evidence for the Important combination of atmospheric fading and surface reflection. Since most of them 

s; ,8ec‘’a™ ^ »«»i- «« 

Perhaps the most useful classification for the purposes of this paper Is the division Into 
atmospheric fading mechanisms, and combined atmospheric and surface mechanisms. Other classifications 

^’'■»cilon fading^due to subrefractlve bending, or Interference fading 
inftcnn^ ^ith ?ociid ref],ection] *"d „duct type fading (defocussing and atmospheric multipath fading) 
(Matsuo et al.. 1953), or power fading and multipath fading (Dougherty, 1968) have been employed 
prev ous y. ^e early one of these seems particularly unfortunate since it does not recognize the 
combinations that subsequent observations have shown to exist. 

2.1 Atmospheric fading mechanisms 

Several atmospheric fading mechanisms have been Investigated: 

Kn“*?«?; ias bee1J2r1o,Js1y terTOd "d1'vergence", "space-wave fadeout" 
(Bean, 1954) and diffraction (Dougherty, 1968), Is assumed to be caused by the divergence of waves 
due to the presence of abnormal refractive layers (usually ducts) 1n proximity to the path. The 
fades are often of long duration (several hours), and relatively non-frequency selective. The fadinq 
Is alsofairly non-se ectlve In space, the large zones where it occurs often being termed "shadow 
regions or radio holes . As discussed in section 3, defocussing Is considered to be the most 
prevalent severe atmospheric fading mechanism. 

Although as discussed 1n section 3, regular horizontal ducts either below the path or intermediate 
between the antenna heights on an inclined path can cause defocussing, another type of defocusslnq 
with a Jinei" spatial scale has also been considered. This defocussing could originate from an 
ÏSno atf,!2 .(wavy)Jbn°r"»1 refractive layer between the terminals on an inclined path (Strickland 
1980). It Is particularly Indicated from the measurements of severe fading on low elevation angle 
earth-space paths (Strickland et al., 1977). Further Investigation of this likely faster varying 
type of defocussing is required. y 

Atmospheric multipath. This mechanism In which the transmitted wave follows two or more discrete 
paths is also usually assumed to be due to a duct in proximity to the path. The additional oaths are 
usually assumed to result from gradual refractive bending, tut reflection from an elevated layer or a 
layer below the path have been considered. More generally, other types of abnormal layers can also 

Sâiî" ^ »“«»• ms,. ™, ,, 

îhf°ïP!1n9' AS a !T^ult.of abnormal refractlvlty gradients, the beam can be bent off the 
axes of the antennas, resulting in non-frequency-selective attenuation. It can be particularly 
severe for links In which the antennas are mlspointed or have beamwidths that are too narrow. 

ÎÜhHÏcî..<theJeVe1f 0f ,th1s.fad1?9 ,ca? 1)6 estimated, given the antenna beamwidths and information on 
LU îc nüf °ï 0f a^;0f;rriva1 (WebSter> 1982)- the certainty <" a"tenna pointing accuracy 

preva1enc® difficult to assess. It Is noteworthy, however, that Webster (1983) has shown 
that large angles-of-arrlval are associated with defocussing layers below the path Thus there mav 

requi^dantenna decoup11n9 1oss 1n mny defocussing situations. Again, furthe? InCestlgatloJ Is Y 

wk^Í11?4!0"' IhtLyery,fasî frequency selective fading Is due to scattering from many small 
sWr hL e?UJar tfr<1n îhe atmosphere- it Is always present to some degree superimposed on the 
slower deeper fades arising from the other mechanisms. Since Its magnitude Increases with Increasin'- 
frequency. It has made the Identification of other fast fading mechanisms difficult. 

+h„ "0t?di ^baUlstos (a) and (b) are usually assumed to arise as a result of ducts In proxlmitv to 
the path. A detailed review of the meteorological mechanisms that produce ducts is beyond the scope of 
this paper. It may be noted, however, that surface ducts are caused by advectlon, evaporation frontal 
anSC!ifeSi ünd "dlatlon, and elevated ducts by advectlon, subsidence, and advectlve Intrusion! Surface 
a d elevated subrefractlve layers that are sometimes Involved are caused by some of these and other 
projesses. More detailed Information Is given elsewhere (Ikegami et al.. 1966; Dougherty and Dutton, 

(b) 

(c) 

(d) 

2.2 Combined atmospheric and surface fading mechanisms 

degreeSs:era1 C°mb1ned âtmospher1c and surface "*cban1sms bave been considered and Investigated to varying 

ia) Ühifrüfn*?5 f1us refleStlonI ™s wou1d seem to be the most likely mechanism producing the many 
«rti«edJ St?üíeS °:/as frequency selective fading superimposed slow non-selectlve fadlno^see 
section 3). The combination of the fine-scale type of defocussing .. ;ed in the previous sub-section 
and surface reflection could explain the very severe fading on ve'ry low an^le eaS lpace paths 

(b) Atmospheric aultlpath plus surface reflection. Here the atmospheric multipath Is exoected to 

‘Ir5’;!'“'1 '"“I “r°SS ,te «*“* «"«¡'«h, normaîïyd,n°use. A, 
^!/rther 1n section 3, the authors contend that the surface multipath should not be 

howevel ^ybem°verySe3eeS!Ve ^ 1nterfer1n9 atmospber1c aultlpath. The resuUIng fades. 



(c) Antenna decoupling plus surface reflection. On most paths, this mechanism may be more Important 
associated with mechanism (a) than It Is on Its own. 

(d) Scintillation plus surface reflection. Again this mechanism Is most likely when associated with 
mechanism (a) (see section 3). To be significant on Its own, the effective surface reflection 
coefficient would need to approach unity, a not unlikely situation on overwater paths. 

(e) Earth diffraction resulting from subrefraction. Here a subrefractlve layer below the antennas 
causes the direct wave to Intercept the earth ("earth bulge"), with the resulting relatively 
non-select1ve diffractive attenuation. The occurrence of significant diffractive attenuation Is 
minimal on well-designed paths with adequate surface clearance. 

In mechanisms (a) to (d), the degree to which the surface reflection Is "specular" or "diffuse" will 
depend on many factors (Beckmann and Splzzlchlno, 1963), which are not all yet well understood, 
particularly for the relatively long microwave paths of Interest here. Some Initial consideration to this 
question Is given In section 3. 

3. EXPERIMENTAL AND THEORETICAL EVIDENCE 

There Is much experimental and theoretical evidence that surface reflection Is an Important factor 1n 
causing selective fading on terrestrial microwave links. It comes not so much from one or a limited 
number of Investigations, even though some of these have been very productive, as from a synthesis of the 
results of many. To best make this synthesis. It seems useful to classify the evidence and consider it In 
some suitable order. Thus, 1n this section the multitude of observations of fast selective fading 
superimposed on slow quasi-flat fading are first reviewed. Following this the most likely atmospheric 
mechanisms (defocussing and atmospheric multipath) that could produce the slow quas1-flat fading are 
considered. Then to demonstrate that reflection from terrain Is sufficiently strong to Interfere 
destructively with these atmospheric fading mechanisms, measurements and calculations of effective ground 
reflection coefficients are discussed. Finally, to Indicate that the fast highly selective Interference 
fading most likely originates from the ground reflected component, the relative delays of atmospheric 
and surface reflected rays are compared. Following these main sub-sections, two other groups of 
supporting evidence are discussed (results of correlation and multiple regression calculations on large 
data bases, and multipath depolarization observations) along with miscellaneous supporting evidence. 

Since It Is believed that experimental results from overwater paths help clarify those from overland 
paths, these are considered along with the latter. The main differences between overwater and overland 
paths are believed to be the more frequent and severe defocussing on overwater paths, the more stable and 
higher level specular reflection, and lesser amount of diffuse reflection. While combined slow and fast 
fading events are more frequent on overwater paths they are not greatly different In overall character 
than those on overland paths. 

3.1 Observations of selective fading superimposed on quasi-flat fading 

Among the most Important evidence that ground reflection and scattering Interacts with atmospheric 
fading mechanisms are the many observations of rapid deep fading superimposed on shallower much slower 
fading. The slow fading, often referred to as "median depression" or "mean depression", has usually been 
assumed to result from atmospheric defocussing. The rapid fading has usually been assumed to tx 
Interference fading of atmospheric origin, either scintillation or multipath. Among these many 
experiments have been a few using sophisticated channel probing techniques In which the slow fading 
component was recognized as relatively non frequency selective (quasi-flat) and the rapid fading as 
selective. 

Crawford and Jakes (J952) In their pioneering swept-frequen^y experiment were perhaps the first to 
measure a rapid frequency selective component superimposed on a slow non-selectlve component (see also 
Fr11s (1948)). They noted In fact that reflection from the small water portion of their path was a source 
of fading 1n abnormal circumstances, and that It would be desirable to avoid paths with significant ground 
reflections. However, they seem to have concluded from their associated angle-of-arrlval measurements 
that atmospheric multipath was the most frequent cause of severe fading. Unfortunately as they Indicated, 
the minimum angle-of-arrlval In their scan (-0.8*) was not sufficiently low that they could be always 
certain that the surface reflected ray was In range. 

Using frequency-sweep equipment similar to that of Crawford and Jakes, Kaylor (1953) produced the 
first statistics of amplitude selectivity as a function of fade depth (Fig. 1). He noted that no deep 
Interference fading occurred on his 49 km overland path unless the signal was already depressed 10 dB or 
so across the entire 400 Wz band observed. He concluded that this depression was most likely due to 
Interfering atmospheric rays of slight relative delay, but noted that It could also be due to 
non-select1ve attenuation of the direct signal. It Is Interesting that Kaylor demonstrated that small 
amplitude components (e.g., levels of -32 dB and -34 dB relative to direct signal level) could have a 
marked effect on notch shapes, while simultaneously Implying that a much larger estimated ground 
reflection level for his path (<-20 dB) could be Ignored. Crawford and Jakes (1952) also arrived at the 
same seemingly contradictory conclusion In their earlier work. 

In their early paper on multipath distortion, Omorl and Sato (1958) Implicitly recognized from their 
swept-frequency measurements the superposition of selective and non-selectlve components, and described a 
novel technique for measuring the non-selectlve component. In attempting to explain the three-frequency 
measurements of Ugal (1961) In which the superposition of selective and non-selectlve fading was 
recognized, Ikegaml (196/) suggested the possibility of ground reflected waves among others. 
Unfortunately, as noted previously by Segal (1985), the possibility of a significant ground reflection 
component In his own pioneering measurements (Ikegaml, 1959, 1967; Ikegaml et al., 1966) was not 
considered. 
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1980; Webster an/ueno, mol'^tephansen^igai^Lînlaer 1972’ Rumn,1er* 1979; Sandberg, 
Hosoya, 1982; Bundrock and Murphy, 1984;’«ubbard 1984-’valent<n9anrt ^oo?' I984: Saka94^ and 
Lammers and Marr. 1985) have shed further Hght on the undlnî nn 1984; Lam and Abster, 1985; 
quantitative Information on the selective and non-seWtl^ l^n9/ d n9 Inechan1sn,s and Prided more 
consider In detail the posslbie physlcai m^chanlsms nSn vL „3 h comP°nents- Although he did not 
p-actical channel model that Incorporated quasl-Hat and seleîï^l fm!?SUrementS• Rum,n1er (1979) dev<sed a 
Using fairly narrow-band measurements (60 MHz) Sakígaml Ind Hoín!» ??QS9iPara,neters descrfb<n9 data, 
successful In proving that their results were due ïn îhl (1282) were "»"etheless very 
and a surface reflected signal. They lre further abfï to IdlnHÍ^helh® quasí'f1at a^ospher1c signal 
In the reflected signal. B t0 1dent1fy both specular and diffuse components 

the authors (Martin^ 1982a)aconcî2dedHfirSh1stpIrt1cÛîar 50^1^11 |nL9r0U9:d*¡ay ^asurements. one of 

whichSd1>splaysdthreerievelsd0fntheqcondït1onaldistribution^ofstatistically11ntFÍg.f2?1n9 
bänd (Dä, ln dB) as functions of the peak fade depth (A In dBr^These*» an,p11tude variation within the 
further In sub-sections 3.2, 3.3, and 3.4. P x' P ' 'h e ^surements are discussed 

amplltude'and ïSu^delay‘ieasireren^oÍ aToJeíílnd p^h’SecíflíÍn^d (100° MHz) W'^oency 
of the effect of ground reflection. TheJ showed he incrLse ^ rac1lltate observation 
terms of the amplitude slope statistics within tJ Lia ? !? sf1ett1v1ty with Increasing fade depth In 

of atmospheric defocussing of the direct signal and ïroL refleínln r ^Su1ts t0 the ^Inatlon 
apparent increase In the effective ground reflertinndnnff^i ?Ct-°n( They noted< furthermore, an 
the direct signal (see sub-section 3™)/ enect,on coefficient simultaneously with the defocussing of 

slow, shallow and9fast, deep fading1"ti^the líteractlo^o^andtmosohe ín asci‘1b1n5 the superposition of 
reflection. The conclusion that these are non-sêlecIL at™sPÍer,c ^chanlsm and surface 
atmosphere (defocussing) and the sea surface (sDeculaídefwÂ ^ and ?er1ve resPect<vely frOT the 
wide-band (1000 MHz) amplitude and angle-of-arrlval measurl^níc ^ pa!;tl,cu1ar1y clear in the 
Interpretation of the mechanisms Involved was TOdedU?icuirîn Lama"d «^ter (1985). 
the surfäce reflected ray on the two paths Investigated The dlItHh,\?y the,obJtac1es partially blocking 

ii"S“,,rLrtdt,;'4ae'*i ,or ^ p**"’- pp«»«« “«KS'tS'r s'5"a’ 

const9*1.?” mec'lan,sn,s Pocponsfbl^f^combjne^non-selective9!”9 soíectllTf^r continued to clarify the 
constructing models that include the two effects Pearson ( 19651 /ad n9, others have been 
depression associated with multipath fading and ¿artlallv aícoimt^ fn t5t íreq?ent occurrence of median 
frequency fading distribution. Barnett (1972) descr bed the 1 1n Ms for the s1'’91® 
in his model by employing a climate-dependent multfolth nrÍLh^/ and tr1ed t0 accouot for ft 
which the earlier model of Morlta (1970) (see also Morit^ anH v occurrence factor. The degree to 
depression Is unclear, since Morlta later IntrortnroH I * Kak1ta. 1958) Includes the effect of median 
into account. (In the same paper Morlta Illustrated the°nnt- caJ 0° ^Morita* 1972) designed to take this 
ground reflection and presented a method designed S ÎÜ It SI 1nc1ud1"9 t1* effect of 
selective fading superimposed on non-select1ve fadlno has recently, the combined effect of 
models (e.g., Rummler, 1978; Martin, 1982a b- Sakaaaml aL^nc«4 keioIot0raíC0Unt 1n channel distortion 
Lavergnat and Sylvain, 1985a). ’ ’ 9 ^ and ^os°ya* 1982; Sylvain and Lavergnat, 1985; 

the Poss1bnnityWoft!lrJhasIverffad1ngn?40PIZ45CSI)OwS6Shnslthe,r reVÍ6W (Chapter 16) recognized 
simultaneously, although they were uncertain as rl Ih! ,, S]0?uaní fast fad1n9 are Present 
diffuse scattering from the earth or atmosphere However^thev not^th fad1n9: Tbey cite, for example, 
this now large body of observations: "the lower'the mean (nín Important result common to 
of the rapid (frequency selective) fluctuations". selective) level, the greater the amplitude 

i.? Atmospheric multipath and defocussing: mechanisms and fade depths 

backgroun^lnformatlon^lve^l^sub-section ,introdlJCed ,n section 2, and further 
multipath require further consideration1 Concernína JÎhïü?1SmS defocussin9 and atmospheric 
Interest are the atmospheric structure under whirl "»chanlsms themselves, the major points of 

the possibility of simultaneous occurrence. Of course^he^adlna6^»!? 1atlte/reqUenCy of occurrence, and b r.t isy" part1a11y determine the possibility of delvSlIp ^/r 3 ned a:e a1so reflected and scattered waves. ,liy 0T oos-ructlve Interference with the ground 

paper, the Important early work of several 1n!¿st1aators (Sharnw* the sc°Pe of th1s 
Crawford and Jakes, 1952; Rivet, 1956 Ikeoaml 1959 OuttL ?« ?* PJ1ce’ 1948; Doherty- 1952: 
..r. of 1(4,,.1 11959, 1966, 19671 ,4 .or, r,«„tly-»,5,S?’,S5! ”* 

,60» îÄ.iÄ'jirj; s,ai - 
and the heights of single and multiple ducts Ho 5(^¾^¾ (°ne horfzontal a"d one Inclined) 
Fig. 5(b), the 5-mlnute fading range (difference b¿tweéí tie ?ot ! ieCeIved power’ and functions of height. vuirrerence oetween the 10Í and 90* levels of the distribution) as 
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On the obl<que path, a considerable mean depression and apparently superimposed fast fading Is seen 
to occur when the duct exists near the height of the lower terminal. This occurs on the horizontal path 
when the duct Is near the level of the path. Some fading occurred for duct heights above the paths, and 
between the terminals on the Inclined path, but It was obviously much less severe. On the basis of ray 
theory, Ikegaml expiai neo the depression as due to the divergence of rays, or defocussing that occurs 
within a large shadow region. He explained the fast fading as due to destructive Interference that he 
felt occurred between two groups of rays within a small "Interference region (see Figs. 6 and 7). 
Unfortunately, he did not explain for his own data why the mean depression and the faster fading occurred 
simultaneously, In spite of the fact that his shadow zones and Interference zones were not coincident. 
Explaining this superposition of slow and fast fading In other data (Ugal, 1961), he noted the possibility 
of a ground reflected signal, as well as the seemingly Impossible superposition of zones (Ikegaml, 1967). 

Fig. 8 displays some of the clarifying ray-tracing results of Webster (1983). Shown for a 50 km 
horizontal path (100 m antenna heights) are the ray amplitudes, relative delays, and angles-of-arrlval as 
functions of the height of a 100 m thick duct of -20 Nu Intensity. As evident, when the duct center Is 
below a height just above the path, only a defocussed direct ray exists. The greatest defocussing occurs 
at about, or just above, the path height. (Since the ar.gle-of-arrlval Is also greatest at this height, 
the greatest amount of antenna decoupling would occur simultaneously, the amount depending on the antenna 
beamwldths and pointing accuracy.) Over a range of greater heights, three-ray atmospheric multipath 
occurs. (The relative delays associated with the additional paths are discussed In sub-section 3.4.) For 
the particular “Interference region” he Investigated, Webster demonstrated that the loweh antenna height 
Is critical for Inclined paths (l.e., defocussing of the single direct ray occurs below this height). He 
did not consider the effect of ground reflection although he noted the possibility. 

A comparison of these results confirms Ikegaml's conclusion that the large mean depression for a 
layer below the lower terminal height was due to defocussing. It also suggests that the less prevalent 
and less severe fading for higher duct heights was due to atmospheric multipath. It Is ]n^®res^n2.^ 
note that In an earlier study similar to the later one of Ikegaml, Matsuo et al. (1953) Indicated that 
fading for ducts above the path was of the rapid Interference type. Nevertheless, neither Webster s nor 
Ikegaml's theoretical results seem to adequately explain the apparent simultaneous mean depression and 
faster fading In Ikegaml's data. The best explanation would seem to be the presence of a significant 
ground reflected component. The likelihood of focussing-enhanced ground reflection Is discussed In 
sub-section 3.3. 

On the basis primarily of these and other results It Is possible to speculate on the relative 
frequency of occurrence of defocussing and atmospheric multipath. From Fig. 8 It Is apparent that 
significant defocussing should exist over a much greater duct height range than destructive atmospheric 
multipath. Even though atmospheric multipath occurs over a sizable duct height range, the main two rays 
would not be In phase opposition except for a small number of discrete heights (e.g., nine at 4 GHz). A 
similar conclusion seems possible from Ikegaml's theoretical results that show his Interference regions 
to be much smaller and at greater distances than shadow (defocussing) regions (see also Dutton, 1961). 
Furthermore, as Implied by Ikegaml (1959, 1967), It Is only for a small portion of these Interference 
regions (next to the shadow region boundary) that significant atmospheric multipath fading would be 
possible. (The possibility of signal enhancements caused by the presence of one of these Interference 
regions at the receiving antenna seems more likely.) 

The presence of Ikegaml's small interference regions for duct heights below the path Implies that 
Webster missed this possibility In his ray-tracing Investigation. Ikegaml (1967) also noted the 
possibility of Interference regions arising from a subrefractlve layer, and Segal (1985) confirmed this. 
Segal further noted the possibility of atmospheric multipath occurring as a result of a superrefractlve 
layer. Nevertheless, It Is Important to emphasize that these theoretical results Indicate that the 
regions of the atmosphere where multipath Is possible are «u'Ch less likely to be present at the receiving 
antenna than the defocusslng-lnduclng shadow zones. The available observations seem to confirm this. 
Further analysis for multi-layer situations would be desirable. 

Atmospheric multipath fading levels. Since the presence of atmospheric multipath Implies the 
possibility of destructive Interference at microwave frequencies, a wide range of fade levels are 
obviously possible given rays of approximately equal amplitude. This appears to be confirmed from the 
small number of observations available that Indicate the presence of multipath without median depression. 
However, It Is recognized that likely simultaneous occurrence of atmospheric and surface multipath Itself 
make atmospheric multipath levels difficult to determine from simple measurements. A close scrutiny of 
swept-frequency amplitude measurements for the presence of rapidly changing quasi-flat fades should make 
this possible. In any case. It Is not difficult to Imagine the possibility of atmospheric multipath fades 
sufficiently deep to cause further destructive Interference with the significant surface reflected wave 
apparently present on many paths (see sub-section 3.3). 

Defocussing fade levels. Because of the slowly varying nature of defocussing attenuation and 
probably because of the greater size of shadow regions, measurements of fade depth are more readily 
available. These are available In three main forms: (1) direct measurements of slow fading, (11) median 
depression estimates from data with superimposed slow and fast fading, and (111) median depression 
estimates from swept-frequency measurements. 

A number of direct measurements of defocussing levels have been made (e.g.. Bean, 1954; Barsls and 
Johnson, 1962; Barsls et al., 1963; Hautefeullle et al., 1980). In the best of these, the use of multiple 
frequencies aided the Interpretation that these slow fades were relatively non-select1ve. Estimates of 
defocussing levels are also available from combined slow and fast fading data obtained over many paths 
(e.g., Pearson, 1965; Barnett, 1972; Morlta, 1972). These all Indicate that typical paths In temperate 
climates can suffer fades of 20 dB for a significant fraction of time. Pearson (1965) noted furthermore 
that fades of greater than 30 dB had been observed on paths In coastal areas for periods of a few hours. 
Perhaps the most severe well-documented observations of extreme defocussing levels In tropical regions are 
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those of Hautefeuflle et al. (1980) In Senegal, -here 50 dB fades lasting several hours were not 
considered unusual. The fact that the 9round-!:ef1ect^J^nal -j»s not ^erved under these con 
suggests that a shadow region extended over a large portion of the path surface wen. 

One of the authors (Martin. 1982a) has estimated median f'a^^llultíated^ln^i?’«1^5 ^ 

discussion). As evident tor o nroater than 12 dB). The swept-frequency measurements of Lam 
during disturbed cond tlons d.e.j, f^dM g e j t approaching 30 dB during disturbed conditions on 

atnh2lMrer: coastal path.38(It"is recognized5that these satisfies may Include son. Incidence of 

atmospheric multipath.) 

3.3 Measurements and calculations of effective ground reflection coefficients 

Another source of evidence for the importance of ground reflection on overland paths Is the 

Bääs'.ä äs sÄÄSnÄ“'- — "w* 

and Splzzlchlno, 1963; Hall. 1979; Boithlas, 1983) 

5tPr DRops (1) 

►.o.» n «nd an are the directivity reduction factors of the transmitting and receiving antennas In 

?983) For example If the specularlv reflecting surface were exactly coincident -Iththeflrst Fresnel 
zone,*R-^would*become a facto? of two'¡arger. Unfortunately, accurate estimation of this factor Is 
difficult In practical situations involving real terrain. 

In order to clarlfv the results of correlation and multiple regression analyses of a large 47-l1nlt 
fadinc "data6 base discussed In a companion paper (Tjelta et al.. 1986). some Investi gat on was made of the 
fading data base oiscussea var-ables Involved. From the large amount of Information available on 

th^Fresnel^effectlo^coeffielen*^CCIr! 1986a). It Is clear that R0=l In the frequency range of 
interest exceot in the rare cases of vertical polarization at grazing angles greater than ubout 1 . Over 
the test’groupPof 47 links, |201og(D)| is typically less than 3 dB under the assumption of a spherlca 
reflecting surface having a 4/3-earth radius of curvature. 

The directivity reduction factors gT and gR In the direction of the specular reflection point 
were calculated using the Gaussian beam approximation 

gT>R » exp(-cT(R 92) 

with the constants cr o obtained from the known half-power beamwidths. The overall reduction factor 
qlï S a ?S*"cate5function of several variables Including antenna beamwidth. path inclination. 
?It? clearance and path length. Of the 47 links, only three relatively steep ones have reductions 
l201og(gTgR)| greater than 10 dB; half have reductions less than 0.9 dB. Thus, In most cases the 
specularly reflecting surface Is well illuminated by the antenna beams. 

Normally the most Important overall variable In eq. (1) Is the terrain roughness f*etor Pj. lt 
commonly been estimated using the Gaussian random surface aporoxlmatlon (Beckmann and Splzzlchlno, 196 

(3) 

(2) 

p, = exp(-g2/G) 

where 9 * 4* f sh s1n* /c <4> 

with sh the standard deviation of surface height about the local mean value within the f]rst Fresnel 
zone 5 the grazing angle, f the frequency, and c the speed of light. A more recent derivation o s 
f?? sea surfaces (Miller et al.. 1984) suggests that a better estimate providing agreement with 
experimental data can be obtained from 

ps = exp(-g2/2) I0(g2/2) (5) 

where Ip Is the modified Bessel function of zero order. It Is likely that (5) Is also more accurate 

than (3) for terrain. 

As seen from (4) and (5). Pc and thus Rs would appear to be strongly dependent on the grazing 
,„,le surface roughness s within ».'first mesne! tone and the ,s 
a complex, somewhat path dependent relationship between sh and f. Since sh tends to decrease 



average as the size of the first Fresnel zone decreases, and this size decreases with Increasing 
frequency, the actual average dependence of ps on frequency should be different than at first glance. 

At UHF, ps can be estimated with some accuracy. Here the roughness sh Is dependent mainly on 
terrain surface variations. However, at SHF where the size of the first Fresnel zone Is much smaller, 
Sf, decreases to the point where It Is difficult to estimate accurately from a single path terrain 
profile. For example, out of the 47 test links, the ratio of the first Fresnel zone length to the terrain 
profile correlation distance Is less than three for 27 of them. Under such conditions, It Is apparent 
that trees and other small terrain features would become relatively more Important than at lower 
frequencies. 

Another difficulty In accurately estimating ps at SHF Is that, with the reduced first Fresnel zone 
size, the specular reflection point and hence the grazing angle can no longer be as accurately determined 
from the antenna heights above the average terrain height. Furthermore, there may be more than one 
specular reflection zone on the path profile. Despite these various difficulties, effective specular 
reflection levels 201ogRs have been estimated for a sample of the smoothest paths among the test group, 
employing the roughness parameter sa (Tjelta et al., 1986) calculated for the entire path (normally an 
upper bound for the roughness within the first Fresnel zone). The highest of these are In the range -10 
dB to -20 dB and correlate well with the group experiencing the worst fading. More tangible statistical 
evidence that specular ground reflection 1s Important within the overall group of 47 links Is presented In 
a companion paper (Tjelta et al., 1986). Calculations are continuing with more accurate estimates for the 
surface roughness within the first Fresnel zone. 

Calculation of diffuse scattering parameters. Beckmann and Splzzlchlno (1963) considered two cases 
relevant to terrestrial microwave links: (1) "glistening surface" (l.e., surface causing diffuse 
reflection) defined by the ground Irregularities, and (11) glistening surface defined by the antenna 
beams. To verify that the latter case Is the most common with the narrow antenna beams employed at SHF, 
the parameters Kg and Ka corresponding to each of these two cases were calculated for the test sample 
of 47 links. These parameters are defined 

hT " hR 

d tanBn 
. K„ (7) 

where hT and hn are the heights of the antennas above tht average terrain height, a-r and aR are 
the antenna half-beamwldths (l.e., half the half-power beamwldths), and d the path length. The factor 
tanß0 represents a mean-square value of the terrain slope Irregularities given by 

tan80 * 
(8) 

where 0 Is the standard deviation and dc the correlation distance of terrain heights. For the 
calculations It was deemed best to calculate 0 and df with respect to the mean terrain profiles as 
determined by least squares fits to the terrain heights (l.e., a = S3, as employed by Tjelta et al., 
1986). 

From the calculations, the Inequality (Beckmann and Splzzlchlno, 1963) 

Ka<V2^ (9) 

held for only six links. This Is Indeed an Indication that the glistening surface Is normally defined by 
the antenna beams. Since even for these six. Kg > 1 for two and Ks >0.5 for the remainder, the 
glistening surface Is close to the specular reflection point as In case (11). For case (1), Beckmann and 
Splzzlchlno calculated that diffuse reflection coefficients can range between 0.25 and 1, although they 
noted that measurements ranged between 0.2 and 0.5. 

Of the 41 links for which the glistening surface Is limited by the antenna beams (case (11)), 
0.1 < Ka <. 0.5 for 26 and Ka > 0.5 for the remainder of which most are Inclined paths. A few 
estimates for the most Important first group of 26 suggest that significant diffuse reflection must be 
considered as a distinct possibility. Unfortunately, the theory for case (11) does not yet appear to have 
been validated by measurements. Early correlation calculations on the 47-11nk test sample using the 
various diffuse reflection parameters are presented 1n the companion paper (Tjelta et al., 1986) (see also 
sub-section 3.5). 

Measurements of effective specular and diffuse reflection coefficients. Because of the uncertainty 
In the accuracy of calculations of the effective reflection coefficients for Irregular terrain at 
microwave frequencies, measurements for typical paths may still provide the best evidence for the 
Importance of terrain reflection and scattering. Even though most measurements have been carried out 
under controlled conditions Involving short paths, a few exist for longer paths. 

The 4 GHz measurements of Bulllngton (1954) on many paths over cultivated terrain were classified by 
Beckmann and Splzzlchlno (1963) as describing diffuse reflection under conditions when the glistening 
surface Is not defined by the antenna beams, as were the 1 GHz measurements of McGavIn and Maloney (1959) 
over desert terrain. Most of the reflection coefficients measured ranged between about 0.2 and 0.5. 
Barton (1974) has questioned the validity of this conclusion, and the authors' own calculations for 16 
paths at 2 and 4 GHz Indicate that only two of them can be considered to have sufficiently non-dlrectlonal 
antennas that the glistening surface Is defined by the terrain Itself. Barton (1974) also appears to 
question the conclusion that Bullington's measurements did not contain significant specular reflection 
contributions. 
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Since the measurements of BulUngton (1954) and McGavIn and Maloney (1959) were for paths that were 
expected to pose some reflection problems. It Is helpful to observe the results for the rougher (sa = 
33 m) relatively steep (0.3' ) path between Roc Tredudon and Lannlon In France. Fig. 9 displays the 
reflection coefficient estirpes of Martin (1982a) based on amplitude and group delay measurements 1n a 
400 MHz bandwidth (see also sib-sectlons 3.1, 3.2, and 3.4). Here, R« = GR (expressed ln dB), 
corresponding to Rs = ab In tie well-known model of Rummler (1979). These frequency-sweep measurements 
are equivalent to the earlier apatlal measurements along a vertical or horizontal line, although the 
specular and diffuse contributions cannot be separated. Unlike the earlier measurements, they were all 
obtained during disturbed conditions. Nevertheless, they provide two Important pieces of Information that 
the previous measurements do not. They snow that the effective reflection coefficient Is highly variable, 
with peak magnitudes more than IC dB higher than the median value of about -25 dB, and that It decrtases 
slightly with Increasing delay of the reflected wave. The large variation In the effective reflection 
coefficient was apparently also otserved by Bundrock and Murphy (1984), and thirty years earlier by Matsuo 
et al. (1953). Although some of the large variation may be due to the two-ray assumption involved (the 
spatial measurements also contain this assumption), it seems unlikely that departures from this assumption 
could cause most of this variation.. 

The fact that the effective reflection coefficient can Increase significantly above Its median value 
during disturbed conditions 1s a very important result. It implies that a rough path can behave like a 
smoother path for a significant fraction of time. The fact that these enhancements of the reflected 
signal are sometimes coupled with attenuation of the direct signal, as Illustrated by Martin's 
measurements (see Martin, 1982a) of their relative levels (l.e., the parameter R, equivalent to b In the 
model of Rummler (1979)), Illustrates why severe surface multipath fading is so prevalent even on rough 
paths. 

It seems most likely that the significant enhancements 1n the effective reflection coefficient result 
from a focussing of Incident-wave energy on the reflecting ground surface, and possibly a further- 
focussing of the reflected wave itself. As evident from Fig. 7, the presence of a duct below the path 
could cause this If the region of dense rays adjacent to the lower apex of the "Interference region" 
coincided with the reflecting surface of the path. Indeed, observation of the calculations of Dutton 
(1961) of "shadow zone" sizes and "Interference region" location, and their ranges of variation, gives 
heed to the argument that the reflected wave can sometimes undergo a net focussing while the direct wave 
Is simultaneously being defocussed. Since the areas of enhanced surface reflection would move along the 
path, the proportion of dlffusedly reflected power with respect to specularly reflected power can be 
expected to vary considerably. In addition to such large-scale focussing and defocussing, uncorrelated 
focussing and defocussing (scintillation) due to small scale irregularities could play some role, 
particularly at higher frequencies. 

Regardless of the uncertainties in the average proportion of specular and diffuse reflection 
Involved, the various measurements Indicate that terrain reflection and scattering is of sufficiently high 
amplitude to Interfere destructively with faded atmospheric waves for a significant fraction of time. The 
approximately -6 dB to -14 dB range of ground reflected signals during undisturbed conditions on the 
highly reflecting paths of BulUngton (1954), and McGavIn and Maloney (1959), would be sufficient. So 
also would the approximately -10 dB to -30 dB range during disturbed conditions of the rougher Roc 
Tredudon - Lannlon path (S3 = 33 m), as observed from the measurements. It might be noted that overall 
path surface roughnesses 1n the 47-11nk sample discussed previously range between S3 = 3 m and sa = 62 m 
In 42 of these. 

3.4 Measurements and calculations of relative path delays 

Considerable evidence as to the usual role of surface reflection 1n selective fading Is also 
available from a comparison of relative path delay measurements and calculations. A brief Introduction to 
some relative delay measurements associated with fading measurements has already been made. Table 1 
provides a more complete list of experiments reported, with relative delay and associated amplitude 
Information In suirmary form. 

Calculations of atmospheric delays. The Information In Table 1 Indicates that relative delays as 
large as several nanoseconds have been observed from most experiments, even on overland paths. Although 
most of the experimenters on overland paths have assumed these to result from atmospheric multipath, and 
some erroneous calculations available (e.g., Ruthroff, 1971) appeared to support this, recent calculations 
suggest that relative atmospheric multipath delays are normally fairly small. (In fact, even some early 
calculations by ftnorl and Sato (1958) seem to suggest this.) 

The two most relevant and comprehensive works would appear to be those of Webster (1983) and Pari 
(1983). The ray tracing study of Webster has already been Introduced 1n sub-section 3.2. Referring to 
the center graph of Fig. 8, It Is clear that even for a 50 km path and a layer (100m thickness) with a 
total refractlvlty change as large as 20 Nu, the largest relative delays between the two dominant rays 
(1 and 2) are less than about l ns. The relative delay of the third ray Is even less since It travels In 
a height Interval where the refractlvlty Is less. 

Using a three-layer discrete gradient model. Pari (1983) has analytically derived an expression for 
the maximum relative delay between atmospheric rays. The solid curves In Fig. 10 display his results as 
functions of path length for ducts having a -50 Nu Intensity and various refractlvlty gradients. Although 
the largest refractlvlty gradients give fairly long delays. It must be emphasized that such large 
gradients are extremely rare (Bean et al., 1966; Segal and Barrington, 1977; Dougherty and Dutton, 1981). 
As discussed In the following sub-section. It Is more likely that long-delayed rays result from ground 
reflection. 

As demonstrated by Pari, the maximum relative delay varies as d3 for short path lengths (up to about 
30 km) and as d for longer paths. Earlier workers (Ruthroff, 1971; Sasaki and Aklyama, 1979) had 
concluded that the dependence was as d for all path lengths. This resulted In very pessimistic early 
estimates of digital radio performance, as noted by Hubbard (1984). 
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Investigators 

Crawford and 
Jakes (1952) 

DeLange (1952) 

Meadows et al. 
(1966) 

Dougherty and 
Hartman (1977) 

Sasaki and 
Akiyama (1979) 

M. Sandberg 
(1980) 

Martin (1982a) 

Hubbard (1984) 

Lam and Webster 
(1985) 

Lammers and 
Marr (1985) 

Path 
Location 

Murray Hill - 
Holmdel, NJ 
Southard Hill, 
NJ, USA 

Murray Hill - 
Holmdel, NJ 
USA 

Wldley - Green 
Halley, U.K. 

Haswell, CO, 
USA 

Shlroyama - 
Kosuzume, 
Japan 

Kawagoe - 
Musashlno, 
Japan 

Warusawa - 
Mt. Kano, 
Japan 

Mt. Hlel - 
Ohnogl, 
Japan 

Kawaguchi - 
Itsukalchl, 
Japan 

Copenhagen, 
Denmark 

Roc Tredudon - 
Lannlon, 
France 

Miscellaneous 

Otter Lake - 
Aylesford, 
N.S., Canada 

Otter Lake - 
Nlctaux S., 
N.S., Canada 

Saddle back Mt. 
Prospect Hill, 
MA, USA 

TABLE 1. RELATIVE DELAY MEASUREMENTS 

Path Frequency 
Length (km) (GHz) Technique 

36 3.7 - 4.2 Frequency 
sweep 

27 

36 Pulse 
transmission 

55 3.6 - 4.1 Frequency 
sweep 

23 13.3 , 14.9 Pseudo 
random 
noise 

36 18 - 22 Frequency 
sweep 

23 18 - 22 

79 5.65 - 6.42 

62 

48 3.7 - 4.2 

75 13.5 - 15.0 Frequency 
sweep 

50 11.25 - 11.65 Frequency 
sweep 

40 - 
160 

8.6 Pseudo 
random 
noise 

80 9.5 - 10.5 Frequency 
sweep 

73 16 GHz Pseudo 
random 
noise 

DeUy 
Information 

Delays up to 
10 ns estima¬ 
ted with 
analog simu¬ 
lator 

Delays up to 
7 ns measured. 
Usually <3ns 

Delay of 2nd 
ray between 
2 and 10 ns 

0.5 ns be- 
ween 2 paths 

4 ns 
maximum 

0.3 ns 
maximum 

6.7 ns max. 
(0.002Í) 

0.13 ns max. 

2.3 ns max. 
(0.05t) 

<1 ns delay 
of second 
ray. Up to 
6 ns delay of 
third small 
amplitude ray 

Delay distri¬ 
bution, with 
delays of 5 ns 
(0.01Ï), 8 ns 
(0.001X) 

Delays up to 
18 ns 

Delays up to 
5 ns (0.01Í) 
In distribu¬ 
tion 

Delays up to 
14 ns (0.01*) 
In distribu¬ 
tion 

Estimated 
delays up to 
4 ns 

Remarks 

Associated 
angle-of-arrlval 
measurements. 
See text. 

Same path as 
Crawford and 
Jakes (1952) 

Single event 
only. See text. 

Single event 
only. Associated 
meteorological 
measurements. 

Two-ray model 
assumed for al 1 
paths 

Exponential 
distribution 
estimated 

Exponential 
distribution 
estimated 

Second ray 
comparable 
In amplitude 
to first. 
Single event 
only. 

See text 

See text 

See text 

See text 

Two events only. 
Associated 
angle-of-arrlval 
measurements 
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The major difference between the single layer models of Webster and of Pari Is that Webster assumed a 
smooth transition whereas Pari did not. The advantage of Pari's approach Is that the ray equations can be 
solved analytically, allowing equations to be obtained for the maximum relative delay and other useful 
quantities. The maximum relative delay calculations of Pari, however, would seem to be comparable to 
those of Webster, If perhaps slightly less. Pari also showed that higher order rays which crisscross the 
layer lower boundary are theoretically possible (see also Dougherty, 1981). It Is clear from his 
analysis, however, that any additional relative delay of these higher order rays Is negligible by 
comparison with the results of F1g. 10. Further detailed comparisons between the various models. 
Including those of Webster and Pari, would be useful. 

Webster (1983) also calculated the relative delay that would result from total reflection by an 
elevated subsidence layer In which an abrupt change In refractlvlty occurs within a very small height 
interval. The results are displayed in Fig. 11, along with the observations of Meadows et al. (1966). 
buch an explanation for the results of Meadows et al. seems plausible, particularly In view of the 
associated refractlvlty profiles that they presented. It should be noted, however, that this was a single 
isolated event during a one-year period. The bulk of the fading that Meadows et al. observed on their 
very rough path was flat fading Indicative of defocusslng. 

Hubbard (1984) also discussed some relative delay measurements and associated refractlvlty profiles 
that from his calculations seemed indicative of reflection by an elevated ducting layer well above his 
path. He also noted other measurements on the same day that appeared to be due to ground reflection. The 
relative frequency of both types of event would be of Interest. 

Calculation of surface nultlpath delays. Various Investigators have assumed that the relative delay 

f elr?yS 15 qï1te STa11\ et a1 - (1966)’ for «»"'Pie, calculated a relative ground 
delay of 2 ns for their experimental path. Such a calculation assumes, however, that the refractlvlty 
profile below the path Is normal or near normal (1.e., 4/3-earth profile with gradient of -40 Nu/km) If 
a layer with an abnormally high negative gradient exists below the path, the situation can be quite 
different. 

th<,^ThÍS»1Si111üSÍroíe!1 beaut1fu11y in t!?e ray-trac1ng curves of Lam and Webster (1985) corresponding to 
their most elevated 80 km overwater path (F1g. 12b). When the duct (-40 Nu Intensity and lOft.i thickness) 

LaLth:¿UI^e !!K\Ü!nter*0f the quct îhat eventually becomes elevated, In this case), the direct ray, 
t^e1most Parî sufface reflected ray, travel in an atmosphere with normal gradient. The 

relative delay calculated is almost exactly equal to that obtained for a normal atmosphere (4.4 ns), shown 

thded t0f the 9i?Ph Lam and Webster- As the duct r1ses, an Increasing portion of the path 
d^y hi ^¡"’‘f^e reflected ray Is In the much higher refractlvlty region below the duct. As 

evident the relative delay Increases almost linearly as the duct rises. Once the duct rises above the 

hüív d r,fCî ray n° l0?ger trare1s 1n a 1ess ,,dense" TOdium above- the relative delay drops quickly 
back to the value for a normal atmosphere. As also Illustrated in Fig. 12b, the relative delays of the 

thp0m^h<r1c raiS »[l56 °?ce the duct 1s above the path (6 ns are considerably smaller than 
the maximum value for the surface ray occurring when the duct Is just below the path (12 ns maximum). 

» r<nAÜ11l<e thi ca1cu1aJion '"axfmum relative delays of atmospheric multipaths, which appear to require 

restive delxv n? tJUc ? f? (1983) or Parl (1983)- an ^Proximate estimate of the -Jlmum 
relative delay of the surface reflected ray can be obtained more simply. Under the assumption that a 

Înïrïbuiîonl^h^roü^i^lr ^ Pfh’ ^ thC re1at1ve delay can ** ca1^ated as the sum of two 

„;'(í:ñhfS.r%5) °f cmsMt 6''“ ,,y,r ^ 

At 
1 

2dT dR 

77" 

(hT + hR)2 [ l-m(1+b2) ] (10) 

where dj and dR are the distances from the transmitting and receiving terminals to the specular 

ïhe fxíí0^? h?? ^and b re 1n a third-order equation. The contribution resulting from 
fromf 1 th 1 th^ dt WaVe trave1s in the lower refractlvlty region above the layer can be estimated 

At2 = ( I AN 1x10- ’) d/c 
(11) 

where an Is the duct Intensity, 
layer Is Infinitely thin. 

The total relative delay. At,,, = Ati + At2, of course assumes that the 

The äccuräcy of this simple procedure Is Illustrated In Fig. 12b As alreadv nntoH „„i 

»«i», lí»; for SrKh LS 8 SU: h,s íe"í st*t,st't!- ^ 

« Hofs «Hscussod »rllor. r,n„s 0.1 7.“! S «: t 0f 
Ai! = 11 ns. However, for 35 links this contribution Is less than 2 ns! steepest path. 



rnmmi' p'"ov1des a 9°od aproxímate upper bound tc the maximum delay under the worst-case 
condition that the layer Is just below the path. The curve based on eq (11) with AN " -SO Nu u 
superimposed on the atmospheric multipath delay graph of Pari in Flo If) 5 

re atlve delays than occur under wors?-case côndïïSns where t^ s¡L la^er Is lífve ^‘path^eSn the 

eh,r,rî.!ïÎÎ5ÜÎ ^ a!Ja1ys<s. the maximum relative delay depends much more on the laver 

At* (|AN|xlO*6)dh/h c 
P (12) 

F: Fîvî v defocussina loss In Flo hrï anH j * significant that the maximum 
Zt 9 °SS 10 Mg‘ 1¿a 125 dB) and the "’axir'um relative delay In Fig. 12h (12 ns) were hnt-h 

'S' srsrs£ns,.o,.,'!^*SM, ’SsS'ÆrîS sri s“ sFr 
5isF?iSâris?¥^s#£l:sï= 
IZ‘ U ^ ,MM'm of ™“e"sSSct1,Sd““,,ri; Z ÄÄTÄec, 

.««.Sdiefîl r«"ím "''““«<"5 *■« "refract,ve" 
layers just below the oath tm« î< li.l l'Î! !*9eSî de1ays be associated with defocussing 
the" S^e f de ^1 oc r ilî a e Dative'S '5? greatest frebuency selectivity of 9 
diffuse ground ref ectlon should have alorolïLÎ! thts TOnner for both specu1ar ^ 
for these two componen ^are very dí?ferenr e a %he nf the P^Pa9at1on distances 
refractive atmospheric muîtîpaTdue to a îaye^above th^ ïaÎ ïs }982)' When 

« ä ~ s.ïïsSæ HiS- 
.b,.iVSÄ!r.5:r5.s si r"íí,íaS:,::í:",,,e,,“”s5hí:,e *'«>> »,,* 

“eîsi^Sr^lïr^ "r5' 
a„N,y frequency a„e.«1„ ,.q„g “««« th,s 

3.5 Correlation and multiple regression analyses 

1nformat1onyonhthetunderÎylIgacîear-a1rfmechanlIms1n9NeverthelSessarthn0t consJd^ed t0 Provide much 
multiple regression analyses of many variables d1«ni«c»ri !be1pss’ th® tyP6 of Metalled correlation and 
begun to do this. variables, discussed in a companion paper (Tjelta et al.. 1986). has 

teat the ‘Â’g'aïï'e'Vïa «rÄ 'î' tea, „..le ,a 
regression equation for the large farje d^th raí™ L f !a:Íab es 1n the asy"Ptot1c Pitipié 

angle, and hence of specular reflection. ^ Imperfect Indication of the Importance of grazing 

analysis. PerhapsathenmostttangTbletand1cat1onfísSthatfthetsurf1S n0t ^ eas11y fr°m the 
terrain elemental slopes also emerged as a slgnlflca^r^o«!! “ r?U9bness Parameter sk Involving the 

f«- a path profile „«“î5“ Î« . ^ ^ «at a. 

æ:îr F-5" ¿ Ä«”f 
the l.«at ranv of aurface roughnesaea (CCI». ÍIL!.0 í^hlgí^^S 
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reflection parameter Ka and the reference tail fade depth A0 gi may also be an indication of diffuse 
reflection, as may the weaker correlations with the other two diffuse reflection parameters tan ß0 and 
<*/6o . It is evident, however, that there is a functional similarity between eq. {7) for Ka and the 
expression (Boithias, 1983) for the grazing angle * (i.e., both Ka and i> are approximately proportional 
to the path clearance and inversely proportional to the path length). Thus, the correlation between K 
and Ag gj may be more an imperfect indication of the importance of specular reflection. Further 
analysis is required. 

The strong relationship between fade depth (or probability of exceeding a given fade depth) in the 
tail range of the distribution and path length, also evident in previous analyses (Morita and Kakita, 
1958; Pearson, 1965; Morita, 1970; Barnett, 1972; Boithias, 1979, 1981; Martin et al., 1985; Olsen et al., 
1986), is believed to be due to the fact that several mechanisms, including specular and diffuse 
reflection, are dependent on path length in mutually enhancing ways. Perhaps most Importantly on the 
atmospheric side, as path length Increases, the amount of flat fading due to defocussing would tend to 
increase. However, so also would the likelihood of refractive atmospheric multipath (Webster, 1983), 
and therefore the probability of exceeding a given atmospheric multipath fade depth. On the terrain side, 
the relative strengths of both specular and diffuse reflections from the ground tend to increase with 
increasing path length. Finally, on both atmospheric and terrain sides, the uncorrelated components of 
atmospheric fade depth and ground reflected signal enhancement due to scintillation tend to increase with 
Increasing path length. The degree to which the Importance of path length in the analysis is a measure of 
the Importance of each of these mechanisms is as yet unclear. It is clear, however, that path length 
alone cannot describe the fading contributions of each mechanism nearly as well as combinations of 
variables that account for other aspects of these mechanisms also. 

The Importance of path inclination in the analysis of Tjelta et al. is believed to indicate the 
importance primarily of the atmospheric contribution to the fading. In particular, defocussing 
attenuation of the atmospheric signal component would tend to Increase with increasing path inclination. 
(So also would atmospheric multipath fading, as indicated by the work of Webster (1983) and of Pari 
(1983).) An effect not unimportant on the terrain side, however, is the fact that an Increasing path 
inclination will tend to cause a decreasing effective specular reflection coefficient as a result of the 
decreasing antenna directivity product (see sub-section 3.3). 

The overall Increase in fading with increasing frequency evident in the overland-path analyses of 
Tjelta et al. and others is believed to be another indication primarily of the Importance of terrain 
reflection. The positive regression coefficient, however, would suggest that the strength of the specular 
reflection tends to increase with increasing frequency, the opposite of what would be expected at first 
glance from eqs. (4), (5), and (1). One reason may be that on most paths the surface roughness within the 
first Fresnel zone decreases sufficiently quickly with Increasing frequency (because the size of this zone 
decreases with Increasing frequency, reducing the proportion of large surface irregularities - see 
sub-section 3.3) to outweight the normal decrease in the effective specular reflection coefficient with 
increasing frequency. Another not unrelated reason may be the fact that finite terrain reflecting 
elements can reflect more energy as the frequency is Increased (e.g.. Hall, 1979; Boithias, 1983). 
Recently, Lavergnat and Sylvain (1985b) have cited another possible reason associated with the constant 
phase shifts of the various multipath components. It does not appear that the !30* phase shift associated 
with at least specular reflection, however, would produce a significant frequency variation. 

At microwave frequencies, the decrease in fade levels with increased surface roughness has been 
commonly attributed to the lessened probability of stable atmospheric layering over rough terrain 
(e.g., Vigants, 1975). The results of Tjelta et al. might be taken to suggest that the Importance of 
large scale surface roughness parameters (such as si) in previous analyses (Pearson, 1965; Morita, 1970; 
Barnett, 1972; Vigants, 1975; Olsen et al., 1986) was an imperfect indication of the Importance of path 
inclination (which is fairly highly correlated with surface roughness), since path inclination appears to 
be a better predictor variable. However, an effect of surface roughness on layer stability might be 
sufficiently well described by a variable such as path inclination that accounts for other effects as 
well. Some small effect of surface roughness may also be Included in the geoclimatic factors determined 
by Tjelta et al., because of somewhat different distributions of surface roughness from one geoclimatic 
region to another. The whole question of surface roughness effects on both atmospheric and surface 
mechanisms is a complex one, and requires further investigation. 

It is well known that single-frequency fading distributions have a tail region of 10 dB/decade slope 
that normally begins at fade depths of about 10 or 15 dB (CCIR, 1985b). The results of this and previous 
sub-sections suggest that this tail region arises mainly from the complex interaction of atmospheric 
fading and surface reflection that begins at about these fade depths. 

3.6 Depolarization theory and measurements 

i i4 Js,faír1y established that deterioration in cross polarization discrimination (XPD) on dual 
polarized links results primarily from a combination of fading of the copolarized signal and multipath 
coupling into the crosspolarized patterns of the antennas (Morita, 1971; Martin and Casanova, 1974; 
Rooryck and Martin, 1977; Morita et al., 1979; Olsen, 1981; CCIR, 1986c). While the different effect of 
the copolar and crosspolar antenna patterns on the multipath signals poses a problem for operating radio 
systems, it provides another source of information on the multipath mechanisms Involved. 

The results of several dear-air crosspolarization experiments have shown that conditional XPD 
/rna\Sj ^,ean, rms, or équiprobable value) can be related to the copolar attenuation 
(CPA) in the deep fading range by the empirical relation (Olsen, 1981; CCIR, 1986c) 

XPDc « -CPA ♦ C (dB) 
(13) 
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♦!re,vnn1s *parTter/°I each path and fr«<J“«ncy that has virtually always been observed to be oreater 
tMn A thTMValr °L PDc dUr1n9 und,*turbed conditions (l.e., when CPA - 0), sometimes by more 
than 20 dB. This has been expressed as (Morita et al., 1979) 

C » XPO +0 
0 (dB) (14) 

ãnol! 0 Thu«" n1h^c0V?'tntiifaCt?r" thîî determ1n« at what value of CPA the relation (13) begins to 
apply. Thus, 0 has virtually always been observed to be positive, with values ranging beyond 20 dB. 

One of the authors (Olsen, 1985) has theoretically verified eq. (13) and develooed exnrp««innc fnr 
the parameter C for each of two of the combined fading mechanisms Introduced In sub-section 2.2: 

(a) atmospheric defocussing plus surface reflection; 

(b) atmospheric multipath plus surface reflection. 

These are the only copolar fading mechanisms for which eq. (13) would anoear to aonlv Fnr i.\ 
and the conditional mean statistic SPÜ, C Is of the approximate form PP ^ "«chanlsm (a) 

C » XPDS + A$ (dB) (15) 

where )(P5S Is the mean relative crosspolar response of the two antennas 
reflected wave and As Is Its mean relative fade depth for a conditional 
mechanism (b), 

to the dominant surface 
value of CPA. Similarly, for 

XPD ♦ A, a a (dB) (16) 

<nn[eÆJnntÎL,lT cr°“P0lar response of the two antennas to the dominant atmospheric ray 
d vm1 d129-wn* V ï ray)’ and *a 1s 1ts 0680 Elative fade depth for a conditional value of CPA Y 

angles-o?-arr1 va?aandPlaunch.th^~-r“-P0----P--’-rnS -- the antennaS and the d^trlbut1ons of ray For most crosspolar patterns used ex ' - — — . • j V vi pq i, 

on or near the 8x1s and higher sldelobes off axis, XTOC < XPD0 ^ •••a”»* -. «v . J V, I QAia, Aru- V Aruft and Aru. V 

expresses the fact that the XPD of the antennas usually degraaes off axis. 

The value of 0 for combined mechanism (a) Is therefore 

perlmentally In which there 
XTO < XPD0. This just 

Is a notch 

XPD. XPD + A 
o s (17) 

*s ^ pos1t1ve the amplitude of the reflected wave must be less than 

™! ,s the sftudtfon, „dw 

In combined mechanism (b). In order that CPA be sufficiently large for eo (13) to annlv th» 

s,“: xi?1 mn *01 •«* - 
0, * XPD, - XPD 

a a o (18) 

InN»ith? crosspo1Jr Patterns usually applicable experimentally, Qa would be negative or approxlmatelv 
cr2sspo1ar Performance of the link wo2ld tend to be much worse Z Jo 

atmospheric multipath and surface reflection than It would during defocussing and surface reflection 

ax s câ«eetKeÎÎJk XPD t^dZI^ understandable fact that large amplitude atmospheric rays arriving off 
a is cause the link XPD to degrade more than do normally much lower amplitude surface reflected rays9 

valueíSof10CÜÍÍÍdreHJ¡?UÍ^,^CÍÍn1S'nS (a) and (bi b0th occur for sore fraction the time. Measured 

=¾ »us r,s*î,s r.-SKîî.ürs, 
3.7 Other miscellaneous evidence 

of muItlpath'fadlng^superImposed ïSri;âs?-HatfLCde^fd!nVrdenfe th8^ SU:face ref,ectlon fs a c°mponent 
the antennas slightly upwaJds JedSîes ?^ evJrîtv 2Î L^PfîîîZ; °ne Is the that tilting 
1982). In the experiment of n9 (e>9-; Ha:tman and Smfth* 1977= Llnlger, 
accordingly. Quarta (1966) In his earlier éxoerlmont se1ect1vfty was also seen to reduce 

Ä.TrÄÄÄr.r.“tw s,r'"’w ““ sí,íí;^;,¡s 

thesehpolar1zatïonSd1fferences°for hl^overland^path’afbdue t^t^effects^o^ground'^refTection?''^^ 



In a more recent experiment, Gardlna and Lin (1985) demonstrated that horizontally spaced antennas 
with different beamwldths could provide a significant diversity Improvement factor against distortion In 
their digital radio link. They Interpreted this very Important result as due to the different gain 
reductions of the two antennas to long-delayed atmospheric multipath signals arriving at large positive 
angles. In view of the large amount of evidence presented In this paper. It seems more likely that the 
long-delayed signals observed were from the ground, and that the median depression was caused not by two 
atmospheric signals of slight delay, but by defocussing of the direct signal. 

It Is believed that the collective multitude of all the space and frequency diversity experiments 
that have been carried out on overland paths provides another major source of evidence that ground 
reflection remains important on these paths. Such an Interpretation has been made difficult, however, by 
several factors: the high degree of spatial correlation associated with defocussing coupled with the low 
degree of correlation associated with surface reflection, the differences In the relative phase and 
amplitudes of the specularly and diffusely reflected waves at different antenna positions, and probably by 
the fact that different parts of the ground reflect differently at different times as layer-focussed 
energy Is directed at one point and then another. 

A. SOME IMPLICATIONS OF THE EVIDENCE 

An extensive discussion of the practical Implications of these findings Is beyond the scope of this 
paper. Many of them have already been known for years, since highly reflecting paths were avoided where 
possible, and diversity or other techniques normally applied otherwise. Some discussion 1s warranted, 
however, particularly with respect to recent attempts to obtain better models of wlde-band propagation 
channel behaviour. 

It Is apparent that even on links having approximately the same path length, frequency, and path 
Inclination, the statistics of the propagation channel transfer function will be quite variable because of 
the variation In ground reflection characteristics from one path to another. These statistics include the 
probability of significant fading (such as associated with single-frequency fading distributions, as 
discussed by Tjelta et al. (1986)), and the conditional distribution of transfer function shape variables 
(e.g., Lavergnat and Sylvain, 1985a). Associated with this, the proportion of minimum phase and 
non-minimum phase fading, a subject of speculation by systems engineers, will as a result vary somewhat 
from one path to another. 

Several Investigators have considered It necessary to employ three-phasor (usually assumed to 
correspond to three physical paths) models for the channel transfer function In wide-band studies (e.g., 
Martin, 1980; Sakagaml and Hosoya, 1982; Lee and Lin, 1985; Shafl and Taylor, 1986). The utility of such 
models has been demonstrated by Lee and Lin (1985) and Shafl (1986a) In recent Monte Carlo simulations of 
frequency diversity performance of digital radios. These Investigators used a model realization 
corresponding to two strong atmospheric rays of small relative delay and a third small amplitude ray of 
large delay (explicitly corresponding to a ground reflected ray In the study of Shafl). Unfortunately, as 
discussed In preceding sections, this approximate physical situation for realizing median depression seems 
to be far less prevalent than that Involving defocussing attenuation of the direct wave. The Importance 
of slight variations In the small atmospheric delay noted by Shafl and Taylor (1966) seems to be a 
consequence of this particular model realization, and the fact that Insufficiently large bandwldths were 
considered to see the full effect of the large surface-reflected signal delay. More recently, Shafl 
(1986b) has obtained Initial simulation results corresponding to a flat fade of the direct wave and two 
ground reflected waves. 

As a consequence of the evidence presented in this paper and the results of these various early 
analyses, In wlde-band applications there would seem to be a need for three-phasor ("simplified 
four-phasor") models of the form 

H( jw) = a0 + aje^i^i) + (19) 
or 

H(jw) = a0 fl-bj - (20) 

In which there are five variables as follows: 

(1) a0 Is the amplitude of the quasi-flat atmospheric attenuation resulting from defocussing, 
atmospheric multipath, or antenna decoupling, 

(11) a i and T! are the amplitude and relative delay of the s irface specularly-reflected wave, 

(111) 82 and t2 are the amplitude and relative delay of the surface diffusely-reflected wave. 

The phase shifts and $2 are the physically real but essentially frequency Independent quantities 
associated with the surface reflection. Lavergnat and Sylvain (1985b) have recently discussed their 
physical necessity In general. Rummler (1979) In effect employed a phase shift *i In his simplified 
three-ray model, although he let It va«-y and fixed the delay, a mathematically justifiable approach. 

The explicit separation Into specular and diffuse reflection contributions In (19) and (20) would 
seem to be necessary for at least space diversity applications, because of the great variability of the 
diffuse contribution with spatial variation. Unfortunately, suitable distributions for the ray 
amplitudes, relative delays, and their corresponding means and standard deviations, remain uncertain 
because of the lack of both experimental results and theoretical calculations. The small amount of 
evidence suggests that a« Is lognormally distributed (e.g., Rummler, 1979; Lam and Webster, 1985), and 
n Gaussian distributed (e.g., Lam and Webster, 1985). The data of Martin (1982a) Indicate that the 
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distribution of 201og(ai) Is at least symmetric. The results of many contrjiled experiments In 
undisturbed conditions discussed by Beckmann and Splzzlchlno (1963) indicate that 82 Is Rayleigh 
distributed. However, with the apparent atmospheric-focussing enhancements In both ai and a2 occurring 
during disturbed conditions, these are more likely to be approximately lognormally distributed. 

Simulations have so far been based on the assumption of statistical Independence between the various 
ray amplitudes and phases. However, the Investigations discussed In section 3 have shown that there Is 
some correlation between a0 and Tlt a0 and ai, and ti and t2. The effect of such correlations on the 
several applications of the simulation results needs to be Investigated. In general, care must be taken 
to avoid models that are physically fairly realistic but Impractical. 

Finally, although ground reflection might be considered as a problem to be minimized as much as 
possible, there Is some Indication that Its presence may help avoid outages when In rare Instances the 
atmospheric signal fades beyond the flat fade margin of a system. 

5. DISCUSSION AND CONCLUSIONS 

This paper has attempted to classify and present the diverse evidence for the Important role of 
terrain reflection at SHF In a systematic way such that the conclusion Is clear. At the same time, It has 
tried to show that defocussing, and not atmospheric multipath. Is the most prevalent mechhnlsm reducing 
the atmospheric signal to a level where It can Interfere destructively with the terrain-reflected signal. 
The authors do not claim that this combined atmospheric/surface mechanism Is the only one responsible for 
the observed frequency selectivity of fading - only that It Is the most frequently occurring one. 

Much further research needs to be done In order to Improve the understanding of the complex mixture 
of mechanisms Interacting in the clear-air propagation channel. Both “microscopic" and "macroscopic" 
approaches In this research are required. Detailed microscopic Investigations should Include: 

(1) the conduct of more sophisticated channel probing experiments, along with simultaneous In-sltu 
atmospheric measurements. There Is a dearth of Information on Individual ray amplitudes (both 
polarizations), relative delays, and angles-of-arrlval. There Is even less such Information In 
association with overall fade levels, group delays, and XPD's. Simultaneous meteorological 
measurements from which to Interpret such transmission measurements are similarly lacking, 
although the availability of modern Instrumentation and data processing equipment Is encouraging 
(Segal, 1985). More attention needs to be paid to the terrain In controlled experiments. 

(11) more ray-tracing calculations, and full-wave analyses where necessary. These must Include rays 
reflected from the ground, and even real path profiles In some Instances. Statistical ensembles 
of refractlvlty profiles should be used where possible (e.g., Costa, 1986). Ray amplitudes, 
delays, and angles-of-arrlval need to be calculated In addition to ray paths. Subrefractlve, 
superrefractlve, and multi-layer situations require consideration. 

More macroscopic Investigations should Include: 

(111) further statistical analyses of large single-frequency fading and associated meteorological data 
bases (e.g., Schlavone, 1986; Tjelta et al., 1986; Martin et al., 1986), and wide-band data bases 
as they become available (e.g., Lavergnat and Sylvain, 1985a); 

(1v) further Monte Carlo and associated theoretical analyses of the consequences of various channel 
models on amplitude slope distributions, diversity Improvement factors, etc. (e.g., Lee and Lin, 
1985; Shafl and Taylor, 1986; Shafl, 1986a,b). 
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Fig. 1. Statistical distribution of differences 
between maximum and minimum fade depth In 400 
MHz bandwidth. 49 km, 4 GHz path In Iowa, 
U.S.A., July and August, 1950. [reproduced 
from Kaylor (1953), Copyright, American 
Telephone and Telegraph Company, Reprinted by 
permission] 

Fig. 2. Variation of 99*. 50*. and IX levels of 
conditional distribution of maximum fade depth 
differences (DA) In 400 MHz bandwidth with 
maximum fade depth (Ax). 50 km, 11.5 GHz 
path In France, July 1979. [reproduced from 
Martin (1982a)] 
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PERCENTAGE OP TIME At EXCEEDED 

Fig. 3. Distributions of (a) direct ray 
amplitude, (b) reflected ray amplitude, and (c) 
relative delay, for quiet (-0-0) and disturbed 
( , ) periods. 80 km path (9.5-10.5 GHz) In 
Canada, July and August, 1981. [reproduced 
from Lam and Webster (1985)] 

Fig. 4. Variation of 99Ï, 50Ï, and 1Ï Iwels of 
conditional distribution of quasl-fla. fade 
depth (G) In 400 MHz bandwidth with relative 
delay (T) between direct and dominant secondary 
rays. 50 km, 11.5 GHz path In France, January 
1980. [reproduced from Martin (1982a)] 

MEAN RECEIVED POWER (dB) 

Fig. 6. “Attenuation“ and “Interference" regions 
for transmitter situated above a duct (shown by 
M-proflle). [reproduced from Ikegaml (1967)] 

Fig. 5. Comparison of (a) 5-mlnute mean received 
power, and (b) 5-mlnute fading range, with duct 
height. 55 km, 4 GHz co-located horizontal and 
Inclined paths In Japan, 1-15 November 1954. 
[reproduced from Ikegaml (1959)] 



2-21 

RANQC (hmi 

Fig. 7. Example of ray paths for transmitting 
antenna situated above a duct, [after Segal 
(1985)] 

Fig. 9. Variation of 99%, 50%, and 1% levels of 
conditional distribution of effective 
reflection coefficient (G-R) with relative 
delay (T) between direct and dominant secondary 
rays. 50 km, 11.5 GHz path In France, January 
1980. [reproduced from Martin (1982a)] 

DISTANCE (km) 

Fig. 10. "Maximum" atmospheric (-) and surface 
(—) multipath relative delays ("delay 
spread") versus path length for a duct of 
Intensity AN-> -50 du. Refractlvlty gradient of 
-40 Nu/km outside the duct. Various duct 
refractlvlty gradients for atmospheric 
multipath, [partially reproduced from Pari 
(1983)] 

Fig. 8. Variation of ray amplitude |a|, relative 
delay 4T, and angle-of-arrlval AOA, with 
anomalous layer (-20 Nu intensity, 100 m 
thickness) height h0. 50 km path length, 
100 m antenna heights, -40 Nu/km refractlvlty 
gradient outside layer, [reproduced from 
Webster (1983)] 
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Fig. 11. The maximum anomalous layer height 
(fimax^* associated ralatlve delay 
and angle-of-arrlval (*OKmx) versus 
Intensity (AN) for "reflective" multipath. EO 
km path, 100 m antenna heights, -40 Nu/km 
refractlvlty gradient outside layer. Lower 
curve - layer thickness Ah»100 m; upper curve - 
Ah*0; dotted curve - maximum height for layer 
to support strong reflection. The crosses 
represent the values quoted by Meadows et al. 
(1966). T reproduced from Webster (1983)] 

Fig. 12. Variation of ray (a) relative amplitude, 
(b) relative delay, and (c) angle-of-arrlval 
with height of a single anomalous layer 
(characteristics Indicated on Fig. 12c). 
Subscripts: 1 main ray; 2,3 - additional 
atmospheric rays; R - reflected ray with (-) 
and without (—) obstacle diffraction, 
[reproduced from Lam and Webster (1985), and 
Lam (1983)] 
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DISCUSSION 

L.Felsen 

true, \vhat^^^s^ng^ro^the^h'eoretíaíi'models^ArTtl^e experlmem11^ ^ ^ ^ *«'* If‘ha‘ « 
effects which you designated as being imwSlino. ,h!ncontrolled '« isolate the various 

that systematic modeling for prediction is wTn^r^ibn|Íe data are the reSUlt °f S° many intera^ parameters 

Author's Reply 

ten sufficiently well conSedZt ™,eS te itTw î, I 1 >*«««»«PnHments h„e 
(e g- Tjelta el al, 1986), J m0d'1"1’8 “ P0“'6"' ™" '< “« empirical componen! is fmriy high 

L.Boithias 

rayons, aucun rayon yenant de l émërieur S“ lasse, “1? T, ^la >terie dei 

de focalisation et de délocalisa,ion qui son, plutôt obscurs e, non ïïlïmem’liS“™' ^ a“ conceP,s 

Author's Repl i 

■team “rmSÂÍÂrrÂTh'“: ^ 
literature, and they are also somSatof m ^ ^ ^ beCaUSC ,hey are entrenched in the 

the focussing and defocussing, lather than a lens-like medium'shonlH3110" ^ ^that 3 stratified medlum >« causing 
the mathematical term “caustic" does not immpit at i present no insurmountable difficulty. I find that 

the ryp. loss .„.„Ted bS“ iTrlrpmlScr'1' PhySiCa' ^ “ P«" »< a 'e™ Tor 

T.E.Doble 

Webs,e, found tern t aZe™,r¿rtatTfcZ\^ 

Author’s Reply 

statistical relationship between ^1medi^L7r^siÍrde^^dthWÍde| bandHdf3 'n 3 W3y ,h3t g'Ves an exPlicit 
Webster ( 1985) found a correlation also but did not present a statisfical^lm betW^en the main two rays-Lam and 
associated ray-tracing calculations show a clear relat.Whm h , ! relationship in their paper. However, theii 

below the path and the corresponding relative delay between ^ 3 ^ 
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