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A Channel Model for Multipath Interference
On Terrestrial Line-of-Sight Digital Radio

Charles Henry Bianchi and Kondagunta Sivaprasad

Abstract—A comprehensive system model for characterizing air to water provides a reflection coefficient of near unity
the effects of multipath propagation on digital radio systems in for the airborne signal. The likelihood of signal reflection
the 4-6-GHz band is shown in this paper. The effects of terrain- g5y ground or water is very high. The fixed nature of the
induced multipath propagation in the presence of atmospheric th K tabl flecti ible in th f
anomalies are studied using data from experimental microwave eartn makes a sta _e re e? !on POSS' ein e_presence 0
links in the field and in the laboratory. This technique, which ~Stable weather conditions, giving rise to coherent interference.
treats multipath propagation as digital signal distortions caused Coherent interference results in substantial impairment to a
by interference from ground reflections, has not been shown digital communication system. So there is a pressing need for

previously. A forward multipath propagation model is used 10,6 gevelopment of an appropriate channel model to analyze
identify the critical propagation parameters for a quadrature .

amplitude modulated (QAM) signal. A normalized two-ray chan- the performance of the digital modem.

nel model is developed to approximate the frequency response Of the many techniques that have been used to study the

produced by interference from a ground reflection in a narrow radio propagation in the lower atmosphere, the most relevant
band. The effectiveness of this channel model is evaluated usingare the diffraction models, refraction models, wave-equation
meas.ured data from the test radio link in the laboratory and in models, and channel models. Diffraction models [2] compute
the field. . - " . -
the field strength as a function of position by computing equiv-
Index Terms—interference, multipath channels. alent fields at physical boundaries and obstacles. Refraction
models [3] approximate the received wavefront as a function
of position by integrating multipath rays. Wave models obtain
] ] o the field strength as a function of position with computationally
HE radio channel on a microwave radio link is the freéeyonsive wave equations. A lossy waveguide model suggests

space line-of-sight (LOS) path between the transmittinge eyajuation of the waveguide equation [1]. A reflective
and receiving antennae. In the 6-GHz band, LOS path lengiig;ng model suggests the evaluation of the integral equation

vary from 5 to 95 miles. Propagation of electromagneti ]. A surface-duct model suggests the evaluation of the

waves with centimeter wavelengths may be approximated Q¥ o5jic equation [5]-[8]. Channel models use parameters
geometrlcz_il optics technqu_Jes at thes_e distances [1]. S|gml_[12] which may or may not be physical. The parameters
loss is mainly due to spherical spreading of the wavefront. 5 ysed to simulate the statistical behavior of the channel and

Atmospheric anomalie§ Igad t9 signa_l distortion. The.se "’,\'f?ereby evaluate the performance of the digital communication
generally caused by variations in the index of refraction i,

the lower atmosphere. The lower atmosphere may be viewedl—'he purpose of this study is to develop a channel model

as a lossy waveguide when the gradient of the index ff; eventual integration into an overall digital system model.
refraction is nonlinear. A change in the gradient may Cau§gjis characterization will provide a better understanding of
defocusing or additional spreading of the wavefront. Thige natyre and likelihood of channel distortions due to mul-
results in additional attenuation of the signal. On the Othﬁbath interference. In Section I, a two-ray channel model is
hand, a change in the sign of the gradient may cause focusfig e|oped for LOS microwave radio. In Section I, a forward

or concentration of the wavefront. This results in signal,tinath model is developed to predict multipath parameters
superposition or surging. These phenomena are SOMewWpat, the link geometry. In Section Ill, the channel model

unusual and infrequent. Focusing is generally associated "fﬁghinverted to recover the two-ray parameters from signal

atmospheric ducting, which requires very stable and endurigg,a rements. A review of the techniques and results then
weather conditions. Atmospheric phenomena by themselvggq,s.

are not the dominant causes of impairment in digital radio
systems and are not addressed in this study.

The earth is the lower boundary on a terrestrial microwave ] )
link. The transition in impedance from air to ground or Based on the nature of forward scattering on the terrestrial

microwave link, a forward multipath model is developed for

the radio channel. The received signal is approximated as the
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Phasors are used to approximate the vector addition lo€ation of minimum signal power in the frequency domain.
two interfering signals in a bandlimited channel. The twadStrong second-ray interference results in substantial signal
ray channel response is composed of a direct sighand cancellation. Both the signal power loss at a frequeifcy
a secondary (delayed) signdl The channel response in thenarrow band) due tg, and the distortion across the channel
presence of multipath interference is then approximated as {beoad band) due ter cause impaired communication in the
vector sum of these two phasors. The resultant phasor ladfected channel, as described earlier.
magnitudes and phaseb that are functions of the signal and LOS microwave radio propagates in a half-space that is
interference vectorsx and 3 bounded by land or water. The energy reflected from the
. earth varies, depending upon the topology and the propagation
characteristics of the lower atmosphere. Fluctuations in the
where 7, is the propagation delay of the first ray ang is refractivity of the lower atmosphere cause variations in the

that of the second. Normalizing the phase relationship to t&fative strength of the ground reflectigh The secondary

of the direct ray results in a generalized representation for 182y 7~ or path length also varies. ,
composite signal The transfer function of the narrowband two-ray model in

(4) may be expressed in terms of broad-band and narrow-band

cd? — el fTal /3Cj[27rf‘rﬁ1

0 = q — BT (2) attenuation as
where the composite phase is H(Aw) = a{l - bej[%(fifow} ®)
¢ =¢—j2n7, (3a) where the parametes represents the broad-band or “flat”

attenuation and the parameterepresents the strength of the
secondary signal normalized to the direct. Whgn=fo,
T =Tg = Ta. (3b) H(Aw) = a(l —b), the minimum signal power.
In order to focus on the channel slope only, the transfer
One of the causes of broad-band attenuation and defayction of (5) may be scaled by the broad-band attenuation
distortion is multipath propagation. The result of multipatResulting in the normalized two-ray model,
propagation is a superposition of two or more delayed replicas B 2 —fo)r]
of the same transmitted signal at the receiver. If the delayed H(Aw) =1~ be (6)
replicas are out-of-phase, the subsequent cancellation resyi the parameters as in (5). As before, the paraméter
in signal loss. represents the strength of the secondary signal. In this case,
For given amplitudes and delays, the composite signal h#& direct signal is the reference and the second signal is
been written as a function of frequency as in (1). However, felormalized to it. Whenf = f,, H(Aw) = (1 — b), the
broad-band channels, signal cancellation is also a functionffnimum signal power (normalized).
the delay difference as was discussed above. For signaling athere are two possible scenarios for dynamic multipath
a fixed bit rate (Or in a fixed bandWldth), there are discre"ading as modeled by two rays in this Study_ There may be a
delay differences (odd-integer half periods) yielding signaecond signal of varying strength or a second path of varying
cancellation. If delay difference and frequency of cancellatiq;aay_
are decoupled, the two phasor composite of (1) may bepror the case of varying second signal strengtis, allowed
recast as a two-ray superposition. In a communication chanqglchange_ However, the offset notch frequerfcy f,, broad-
having a bandwidth much narrower than the overall multipafiand attenuatior:, and delayr of the second signal with
channel, the delay difference is approximately constant wigBspect to the direct signal are fixed. The result is a changing
respect to frequency. By assuming a fixed delay difference @stch depth. The process represents a propagation environment
a function of frequency, the two-ray cancellation is express@ghere there is a boundary that is stable in position as a function
as a function of offset frequency from a giVen cancellation fr%—f the propagation Wave'ength_ However' the reflected energy
quency. Independent selection of both delay and cancellatighot stable in strength. A stable refractive index gradient in
frequency are allowed with this model. the lower atmosphere will give rise to a constant secondary
From (2), the generalized transfer function of the two-rayath delay. A discontinuity or abrupt change in the refractive
model normalized in frequency for a narrowband channel isndex gradient at some fixed altitude may give rise to refracted
H(Aw) = a — B2 (= fo)7] @) rays. _An example would be the formation of a homogenet_)us
layer in the lower atmosphere. Such a layer would be transient
The parametet, represents the strength of the direct signah nature and vary in height and density. On the other hand, the
The parametefs represents the strength of the second patbrmation of a coherent reflecting area on exposed ground is a
signal. The delay difference represents the delay of themuch more predominant and stable source of reflected energy.
second path signal with respect to the direct signal. JThe As the ground becomes more coherent in its reflectivity,
is the frequency of the signal cancellation. The expressitimere is an increased reflection coefficient. The result is a
f — fo represents the offset of the observation frequency frostronger secondary ray. Changes in the effective bending of
the frequency of the minimum signal power. The frequenaways within the lower atmosphere may cause focusing or
of the signal power minimum is commonly referred to adefocusing effects. The result is a modulation of the secondary
the cancellation or “notch” frequency. It corresponds to thay strength.

and the delay difference is
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For the case of the second path of varying delay, theA transformation of variables allows a change of perspective
reflection phase is allowed to change. The result of phasefarm curved earth to flat earth. A ray of radispropagating
delay change is a variation of the exponental teiffi — fo). above the earth has a modified radf@s. above the flat earth
In reality, the secondary ray delayis varying. However, the .
phase change is also reflected in variation of the minimum 1/fm =1/R+1/a ©)
signal power frequencyf,. The relative change in delay iswherea = 6370 km (earth radius). For a constant refractivity
very small and so it is treated as a constant. A bounddndex, the path of the ray is a circle of radiégn where
having a §table reflectance gmplitude but an unstable position 1/Rm = dM/dh - 1E — 6 (10)
as a function of the propagation wavelength would cause notch
movement. Nonstable path length is very likely a result of @here M is the modified radio refractivity for flat earth
changing refractive index gradient in the lower atmospher@opagation related t&v by
This effect modulates the path length of a signal reflected M =N +(h/a)-1E —6. (11)
from the ground. ) . o )

In general, with minimum phase an increasing notch frdne r_atlo of modlfl_ed to actual earth radius is defined as the
quency is equivalent to a widening notch separation. THi€ctive earth radius factor
corresponds to a decreasing delay difference. In a minimum K = Rm/a. (12)
phase two-ray channel the dominant path arrives at the receiver . . . .
first. With minimum phase, an increasing notch frequency E;%rmal daytime propagation conditions in the lower atmos-

equivalent to a positive delay difference, which is decreasing ere exist wher = 4/3 or dN/dh = —39 IV units/km. A

magnitude. On the other hand, in a nonminimum phase tWO-rsl all negatwe_gradlent in the refractivity of the atmosphere
uses the radio waves to follow the curvature of the earth.

channel, the dominant path arrives at the receiver later. wit Subrefracti . et /dh i
nonminimum phase, an increasing notch frequency is equi%— ubrefractive propagation occurs w /dh is greater

alent to a negative delay difference, which is decreasing an—39 IV units/km and less than infinity. In this cadé,is )
magnitude. The direction of change in delay for nonminimugreater than 0.5 and less than 4/3. It causes an upward bending

phase (less negative) is opposite to the direction of change rays or an apparent bulge in the earth surface. Power
for a minimum phase (less positive). An ambiguity exist ding results from the additional spreading of the wavefront.

in the relationship of delay difference and notch separatigriffraction losses result in cases of obstruction fading from
A minimum phase fade with increasing notch frequency h&&th bulge. _ _
a second path delay gradient that is similar to that of aSuper-refractive propagation occurs wheéw/dh is less

nonminimum phase fade with decreasing notch frequency. than —39 N units/kkm and greater than157. In this casef’
is greater than 4/3 and less than infinity. The earth appears to

be flat or concave, causing rays to hit the earth before arriving

) } . . at the receiver. Power fading results from the additional
In this section, a forward multipath model is developed byyreading of the wavefront. Multipath interference results in

examining transmission of the signal from the source over tQ§ses of increased or enhanced ground reflections.

air to the receiver. The terrain is treated as a piecewise lineakyriations ink on a microwave link are caused by changes

scatterer that may give rise to many reflected signals at faGhe index of refraction as a function of altitude. The index of

receiver and interfere with the direct signal, as described ri@fraction is composed of dry and wet componens,, and
Section I. The lower atmosphere variations are expressed S v

. . ) i wet [14]. The composite is a function of pressure, humidity,
changes in the gradient of the index of refraction. They a d temperature. The dry component increases in value with

treated as displacement of the propagation paths for the dirsg{h temperature and humidity, as is shown in Fig. 1(a). The

and reflected rays. The principles of geor_netncal optics afie.¢ component increases with saturated vapor pressure, as is
used to compute reflected rays. The reflecting areas of gro%%wn in Fig. 1(b)

and their respective parameters are identified by simulation.h[l the modeling of radio propagation for LOS microwave

;Tsr‘j‘;\e/vg\rlz (I:ic:]Tpared to measured data from an expenmep&alo, the gradient of the index of refraction is commonly
In order to de.termine the parameters of the reflected si naﬂgsumed to be linear in the lower atmosphere (100 m) and

P 9 c?hstant along the microwave link [1], [14], [15]. As a result,

the conditions of propagation in the lower atmosphere M4¥e K factor of (12) is used for the ratio of the radius of

be included. propagation of radio waves above the earth to the actual radius

b Ir;the lower atmosphere, the radio refractiviyis defined of the earth. Equations (7)—(12) illustrate the relationship

y between the index of refraction and thé factor. As the
N=(n-1)-1E-6 (7) gradient of the index of refraction becomes less positive, the

wheren is the index of refraction of the atmosphere. For & factor increases. When the gradient becomes negative, the

constant refractivity index, the path of the ray is a circle o factor exceeds one. This is shown in Fig. 1(c).
radius R where This paper is concerned with terrain-induced multipath

B interference. This is possible and probable in a link with
1/R=dN/dh-1E 6 exposed and reflective areas of ground under typical and stable
and h is the height above the earth [13]. atmospheric conditions. In such cases, the lower atmosphere

I1l. FORWARD MULTIPATH MODEL
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Fig. 1. (a) Index of refractionXg,,). (b) Index of refraction {w.t) and saturated pressures]. (c) Gradient of the index of refraction in the lower
atmosphere (100 m) as a function of a constant
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is homogeneous and well-mixed throughout the link. e TRANSMITTER RECEIVER
factor is used to model the typically linear variations in the boresite
refractive index gradient as a function of altitude. It is constant
with respect to distance under these conditions.

A method for path-profile linearization is developed to
identify potentially coherent reflecting areas as well as areas of
shadowing and possible obstruction. Terrain elevation points
are adjusted to account for the effective change in path length.
The adjusted linearized profile is treated as a combination of|

. . . B VY reflected
reflecting plates and wedges from which a reflected ray is ‘\
computed. The effects of directive antenna data are included
to allow for simulation of real radio systems.

The coordinate system is Cartesian. The origin is at Sgig. 2. Local geometry of ground reflection.
level under the first antenna. The horizontal axis is to sea level
under the second antenna. The earth bulges upward above thfeor worst-case analysis, each exposed ground segment is
horizontal axis. considered a reflecting surface having a reflection coefficient

The terrain-elevation profile is plotted for a flat earth. LOSqual to unity. In fact, for grazing angles of incidence, the
propagation is along the direct optical path (straight line) fromeflection coefficient of ground is very close to unity for mi-
the transmitting to the receiving antenna. For the flat-earthowave radio frequencies and for both vertical and horizontal
profile, the direct path is fixed. In the absence of atmosphepolarizations [15]. This reflection coefficient is the second
refraction, the direct path is perpendicular to the radius ptrameter of the forward multipath model.
the earth and the optical (apparent) and physical (actual)The amplitude of the signal is reduced by the distance from
terrain locations are equal. Atmospheric refraction bends tiiee source squared because of the spherical propagation of a
propagation paths of the radio waves (e.g., earth bulge). Thavefront in free-space. The direct signal strength is therefore
result is a displacement of the optical terrain location. Thuattenuated by the path length traveled from the transmit to
for the flat-earth profile the optical-terrain elevation varies aRe receive antennas. The secondary signal travels a different
a function of atmospheric refraction. path and is attenuated by a different amount. For the purposes

Secondary rays will be delayed according to the length of this model, the direct signal amplitude is normalized to
the propagation path. The path of the secondary ray is defingdty and the secondary signal amplitude is scaled by the
as the sum of straight line segments (hypotenuse) from antewiifference in path length squared. Thus, the third parameter
to ground segment to antenna. for the forward multipath model is signal amplitude.

Reflecting segments are assigned an altitude above sea levethe launched and detected signals are also scaled by an
which includes earth bulge effects. The terrain-elevation da@gproximate antenna pattern with the peak aligned with bore-
are mapped to a flat-earth profile. The distance from easite and normalized to unity. The direct signal strength is,
reflecting segment to an antenna is measured horizontally. herefore, attenuated by the transmit and receive antenna
path length is a straight-line segment from the transmittirgatterns. The antenna contribution is simply a function of the
antenna to the reflection point and from the reflection point tieparture and arrival angles. On the other hand, the secondary
the receiving antenna. path is attenuated by the transmit and receive antennas and by

The propagation paths are straight lines in Cartesian abe directivity of the reflecting surface. Assuming the exposed
ordinates. Subrefraction and super-refraction are treated easth to be a near-perfect reflector, Snell’s law is applied
parabolic distortions of the local terrain altitude above sdar ray tracing. However, the path from the transmitter to
level. The terrain-elevation data are entered as a seriestld# reflecting ground segment and the path from that same
elevations along the path of transmission. These elevations greund to the receiver may not have equal arrival and departure
displaced for the desired gradient of the index of refraction (angles. In other words, the receiver may be off boresite for
K factor) by computation of the modified earth radius. A fronthe reflection path. Since each ground segment provides an
end subroutine then computes a series of straight-line segmexgsrture for an image source, the reflection is treated as a
of 0.01 miles in length to approximate the profile. The slopgindowed image of the actual source. As with the direct path,
of the segment is defined by the difference in elevation of tltlee reflection path is scaled by an approximate antenna pattern
endpoints after accounting for earth bulge condition. with the peak signal at boresite normalized to unity. For the

Each segment may be shadowed or obstructed from vieecondary path, the antenna contribution is a function of the
of either antenna by the surrounding terrain. The first padseparture, incidence, reflection, and arrival angles. Thus, the
of the analysis is a clearance profile. lllumination conditionf®urth parameter for the forward multipath model is directivity.
of the local ground are determined by sweeping the profilthe reflection geometry for a second (ground reflection) path
from each end. A monotonic decrease of the angle of arrivalillustrated in Fig. 2.
at the ground segment from one antenna compared to thélso important to the reflection criterion is the smoothness
angle of departure from the ground segment to the othefrthe reflecting surface. If the ground segment is rough with
antenna implies a nonshadowed condition. Visibility is the firsespect to the wavelength of propagation, the reflection will
parameter of the forward multipath model. be scattered or diffuse. If it is smooth with respect to the

(o
direct

Y departure

WV incident reflected
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Fig. 3. Forward multipath modelf( = 6 GHz, K = 2/3).

wavelength of propagation, the reflection will be mirror-likdoroad band. The result will be a slight increase in the random
or specular. As a rule, the Rayleigh criterion [13], [14] is usedbise power. The convergence of adjacent ground segments
to distinguish smooth from rough surfaces. The difference or the resulting coherence of the reflected wavefront is thus a
path lengthAl may be written as a function of the variationsixth parameter for the forward multipath model.

in local surface height and the angle of incidence on the Insummary, second path clearance and reflector smoothness

local surface area are necessary for a reflected signal to be generated. If a
. surface area is illuminated and sufficiently smooth, it will
Al = 2h sin «. (13)
serve as a reflector for a secondary path. However, coherence
In general, any surface for which the path lengths of reflectez] the most important parameter for interference to occur
rays vary by much less than a wavelength once the path is established. If the reflected wavefront is

h(sin a)/A — 0 coherent, then the reflected signal will interfere with the
i ) ) ) .. direct coherent signal. The interference will result in channel
is considered smooth. A microscopic smoothness criterion @&, rtion and loss of performance. Because of the threshold
w/4 or effect of digital decisions, variations in reflection coefficient or
Al < A/8 (14) antenna descrimination will not affect the loss of performance.
applied over an individual ground segment results in a surfatgey only affect the amount of signal attenuation at the
height difference limit of cancellation frequency. In fact, it is more important to properly
) characterize the second path delay, as adjacent surfaces that
Ah < A/16(sin ). create constant delay paths form a coherent wavefront.
If X = 0.00 m, « = 0.05° then Ah < 0.0625 m. The Forward multipath results for the Salton to Brawley link
roughness of a ground segment is the fifth parameter for timesouthern California are tabulated in Table | and illustrated
forward multipath model. in Figs. 3 and 4. The LOS path is indicated by the coarse
Similarly, the macroscopic smoothness of several conseiwtted line and the boresight direction of the antennas (aligned
utive segments is an important factor in determining thet K = 4/3) is indicated by the fine dotted line. The LOS
convergent nature of the reflecting area. If several adjacquath is 37 miles in length. The path parameters are: 1) terrain
segments satisfy a criterion such as (14), then they are mergésl/ation; 2) angle of departure (from the transmitter); 3) angle
into a larger area of specular reflection. The rays reflected fravh arrival (at the receiver); 4) angle from specular (at the
such an area are all in phase, giving rise to a continuous aeflecting surface segment); and 5) delay (of the reflection path
contiguous reflected wavefront. For digital radio, the resultinglative to the LOS path). The terrain elevation 1) is plotted
interference will be coherent and signal like. The stabilitior each surface segment with a solid line. The remaining
of superposition will be a function of the stability of theparameters are computed and then superimposed onto the
propagation path, composed of the reflecting ground or waterrain elevation profile if the respective ground segment is
and the lower atmosphere. The addition of multiple signals iatsight of the transmitter and receiver. The angle of departure
the receiver will result in summation and cancellation that B) is indicated by a fine dashed line. The angle of arrival 3) is
a function of the delay difference of the propagation paths. itidicated by a coarse dashed line. The angle from specular 4)
the abovementioned criterion are exceeded, then the oveislindicated by a solid line broken by one dash. The delay 5)
area will act as a diffuse reflector. The resulting interferenég indicated by a solid line broken by two dashes. Terrain that
from this type of reflection will be noncoherent and noise likagives rise to coherent reflection is indicated by a convergence
In the channel of concern, it will be weak because the noisedsconstant delay and constant angle-from-specular profiles.
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TABLE | constant and approximately equal to 0.8 ns over the first half of
FORWARD MULTIPATH RESULTS the reflecting area. Therefore, an interfering signal is possible
due to a coherent wavefront with an 0.8-ns delay reflected
K factor Receiver Antenna Second Path from the first half of the last third of the distance from Salton
(elevation in feet) (delay in nanoseconds) to Braney' . .
The path analysis of Fig. 3 was performed for a Salton
213 141 .8 antenna height of 780 ft and a Brawley antenna height of

141 ft and aK = 2/3. Over approximately 10% of the path

near Brawley, the angle of reflection from specular is very

473 141 1.6 close to 0. Over the same area, the delay is approximately 0.8
ns, indicating a possibly coherent reflection source. Additional

1 141 12

513 141 2.2 analyses were performed with differefdt(Table I, rows 1-4).
23 178 1 For K = 1 the delay is slightly increased to 1.2 ns, as
would be expected with the increased gradient in index of
1 178 1.6 refraction. The angle from specular is approximately zero for
43 178 20 the reflected wavefront directed at the receiver.FAt= 4/3
the delay is again slightly greater at 1.6 ns with a very nearly
573 178 24 specular reflection angle. In this case, a second reflecting area

becomes exposed adding approximately 5% to the path length.
For K = 5/3 the delay increases to 2.2 ns with a near
The path analysis folX = 2/3 is plotted in Fig. 3. The specular reflection. Here, the original reflecting area has grown
terrain slopes downward from Salton to Brawley, with & Size to approximately 15% of the path length; also, a second
significant hill providing some blockage at approximately ongeflecting area is exposed, giving rise to a third propagation
third of the distance from Salton to Brawley. The direct sign&¥@ath. Throughout the propagation regime of Fig. 3, the sim-
path is not obstructed. Note that the antenna alignment for #ation shows evidence of probable interference from ground
transmitter and receiver is normally performed during standai@flections. Furthermore, the variation in delay of the reflection
propagation conditionsi = 4/3). As a result, the LOS for path would suggest a distribution of cancellation frequencies,
K = 2/3is below the LOS fotk’ = 4/3. Therefore, the direct Or, in other words, broad-band cancellation effects.
signal for K = 2/3 is attenuated by the antenna gain offset Additional path analyses were performed for variéasvith
from the maximum gain direction @ = 4/3. The multipath a Salton antenna height of 780 ft and a Brawley antenna height
parameters are plotted for the sections of the length, which &fe 178 ft (Fig. 4, Table I, rows 5-8). Over approximately
visible to both the transmitter and receiver. This occurs alod§% of the path near Brawley the angle of reflection from
the last third of the distance from Salton to Brawley. In thispecular is close to°0for K = 2/3. As before, the delay is
area, the angles of departure and arrival are small and neaproximately 1 ns over the same area. With= 1 the delay
equal, indicating that the effect of antenna discrimination iscreases to 1.6 ns, as would be expected with the increased
insignificant. Furthermore, the angle from specular is neafgight and gradient in index of refraction. The angle from
zero over the first half of the reflecting area indicating anglepecular is again approximately zero directed at the receiver.
of incidence and reflection from the ground that are equal. Th¢ K = 4/3, the delay increases again to 2.0 ns, with a very
reflection is specular and mirror like and the delay is nearhearly specular reflection angle. A second reflecting area is
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again exposed, comprising an additional 5% of the path altie offset cancellation frequency — fo is the frequency
giving rise to a possible third propagation path. For=5/3 relative to the position of the signal-power minimum. The
(shown in Fig. 4), the delay increases to 2.4 ns with a neparameters represents strength of the second ray andsthe
specular reflection. Here, the original reflecting area has growepresents the delay difference of the second ray with respect
in size to approximately 15% of the path length and the secotadthe direct ray.

reflecting area remains exposed. As in Fig. 3, the propagatioriThe power in the channel and subsequent derivatives are
regime of Fig. 4 shows evidence of probable interference froexpressed in terms of the magnitude squared

ground reflections. The change in antenna height does not

diverge or defocus the reflected energy. It serves only to alter |H(Aw)[? =1 = 2b cos[Awr] 4 b (18a)

the delay of the reflected paths.

g 9 .
IV. INVERSE MULTIPATH MODEL I(Aw) [H(Aw)[” = 2br sin[Awr] (18b)
In order to determine the parameters of the forward mul-
tipath model, the characteristics must be compared to the 92
observable behavior of the radio channel. In this section, Iaw)? |H(AW)|? = 2b7% cos[AwT] (18c)

an inverse multipath model is developed. The inverse model
allows for estimation of the channel transfer function develyhere
oped in Section I. A direct signal and an interfering signal
are approximated at the receiver. While the parameters of Aw =2r(f = fo)-

the model are not easily measured, they must be recoverabliS the cancellation frequency approaches the frequency of

from the channel data in order for the model to successful(% : .
: servation, the offset cancellation frequency approaches zero
approximate the channel. To recover the parameters, the two

ray cancellation model of Section | is inverted. The modg]nd the first and second derivatives of (18a)-(18c) may be

is set equal to the channel power, and solutions for tr‘{‘é”“e” as follows:

various parameters are obtained in terms of measured levels. o 5
Recovery of the parameters is equivalent to identification of 9 w [H(Aw)|" =2br(AwT) (19)
the interference for cases of good channel approximation, s&sd
is shown. 92 ) )

Linear and parabolic power distortions of the channel trans- IAL2 |H{Aw)|" =2br (20)
fer function are characterized using a second order approxi-
mation for

wherepyg, p1, andp, represent the zero order (constant), first —_— .

order (linear), and second order (parabolic) coefficients %:)The derivatives (19) and (20) may be used to estimate
e
0

the power of the channel transfer function. The normaliz ia?:(jgtaﬁ?}?gﬁgﬂ?‘ge&uﬂ?gfiwOf)rom which fo may be
frequencyf, is the ratio of frequency to channel bandwidth.

The coefficients may be determined using a least-mean 3 ) 92 )
squares parabolic regression technique. The data points are théAw) = {% | H(Aw)| }/[m |H(Aw)| } - (2D
received signal power values measured by the three channel
filters at the frequencief, f-, andfs, respectively. The least- Furthermore, the channel power may be approximated by
mean squares technigue minimizes the difference between ah@arabola determined from the measured power at three
second-order polynomial and the data points. The coefficiefitsquencies within a narrow-band channel. The minimum

are computed by solving the system of equations power may be estimated from the channel power and its first
1 fi f? o ) two derivatives as evaluated at the channel center and the

) bo | (f1)|2 second ray strength may be calculated, as shown in (22) at

L fo fif|p| = |H(f2)|2 : (16)  the bottom of the next page. The second derivative (20) and
1 fy f2]Lp2 |H(f3)] the second ray strength (22) may then be used to estimate the

Solutions were restricted to cases having a cancellation f&coNd ray delay

guency falling inside the digital radio channel bandwidth. For 92
such situations, there was only one solution to the system and — { {_2 |H(Aw)|2} /[21)]}. (23)
it was not necessary to evaluate the stability of the equations. 9Aw

of Ir?: :&?;iﬁ;ﬁﬁ;?ﬁen;?g :fsi\lj:eda:? osfln;qlﬂﬁiteami; dhi?p%iven a parabolic approximation to channel power as shown
' P P P garlier, it is possible to estimate the two-ray model parameters

g:gt'c?r? ls';nauI%te(ihgsl:]:nsafe?c}rn;i'.zid two-ray model as gﬂ)ecified above. The polynomial in (15) is an expansion about
ion 1, having u : the channel center frequency. Three coefficiepts,p:, and
H(Aw)=1—beBrU—fo)7, (17) p», are specified. The coefficients are related to the polynomial
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and its first and second derivatives at the reference frequeney
as follows:

|H(0)]* = po (24)

% HO)] = p, ) - R

and

82
a2 |H(0)|* = 2p,. (26)

Signal Level (dBm)
?i
e
/{/
7
X
2\
N\
AN
\

The two-ray equation in (18a)—(18c) is a broad-band ex-
pression for power. Near the notch, the three parameters
(f = fo), (b), and(7) may be approximated by (21)—(23). As
the notch frequency nears the channel center, the polynomial
approximation and the two-ray model become comparabf%
in validity. The two-ray parameters may then be estimated ° Time (seconds) 1o
directly from the polynomial coefficients. The offset notch (@)
frequency becomes

fo=—[p1]/[2p-] (27)

the second ray strength becomes

b=1-/po— L]/ 2]} (28)

and the second ray delay becomes P
\\:E’\ 2 Nt

= {[2p2]/[2p2]}- (29) CG'ILGL;;[?._‘{ \\7/ //'

Physical measurements of multipath fading parameters a@d g TN
their variations have been well documented. Data have been
published both internally to AT&T Bell Laboratories and in
several references [16]-[18]. Various notch-frequency speeds,
some as fast as 100 MHz per second have been recorded.
Notch-depth speeds on the order of tens of decibels per second
have also been noted. .

Multipath transit delay data has also been published in © Time (seconds) 10
several references. The data has varied widely. One reference (b)
gave a delay distribution with values less than 1 ns for 954, 5 (a) Measured multipath event (178 ft, 6 GHz—Brawley, CA). (b)
of the measured time [18]. Another published specific delay®asured multipath event (141 ft, 6 GHz—Brawley, CA).
of 5-8 ns for atmospheric events [19]. In terms of path length,

Crawford and Jakes [20] measured changes from fractions of
1-10 ft. The corresponding variations in angle of arrival weffeequencies. This was shown by the gradual loss of signal in
0.75 above boresight to 0%8below. consecutive filters.

A typical multipath event from Brawley, CA, recorded for In a two-ray fading scenario, the transfer function in the
6-GHz radio is shown in Fig. 5. The three spectrum filtefsequency domain may be viewed as a notch filter with varying
separated by-11 MHz from the channel center are monitoredposition and magnitude of the notch or minimum. The channel
The sampling rate is approximately eight times per second. Aistortions associated with an unstable minimum are traumatic
11 s channel distortion event is shown at the two receiving digital signaling. In a nonhomogeneous atmosphere, slight
antennas: Fig. 5(a) for the unprotected antenna and Fig. 5¢BJiations in wind speed, temperature, pressure, and humidity
for the space-diversity antenna. During both measurementsgy occur simultaneously, resulting in both a phase and ampli-
there was a notch moving through the band from high to lotude modulation of the received signals. Changes in relative

Cep
- Ie
g, 8

e

al Level (dBm)

b1 | (AW - %{ B |H<Aw>|2r = |H<Aw>|2r} (22)
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A minimum rapidly moved from higher frequencies down
through the spaced antenna channel. Seconds later, a minimum
delay moved similarly through the unprotected antenna channel. A
TN signal minimum in the frequency domain is a severe shape
= v\ depth distortion of the channel causing quadrature crosstalk and loss

Onsec
—
ZHINOS-

qpro

g 2

g s

g S~ #y “j:rA’f‘ = g 2 of information.

< /”/M g = The event was analyzed using the polynomial approximation
§ o § % to the normalized two-ray model. This determined delay,
% gy é & depth, and frequenc_y of the fade. As is _shown in Fig. 6(a)
g 2 and (b), the normalized two-ray model is solved for both
s g

mf/ the unprotected and space-diversity ports. The analysis reveals

g B & €  minima moving approximately 15 MHz/s. At the unprotected
S 8 ®  antenna port, the second ray delay is approximately 2 ns for the
oo time (seconds) 10" duration of the event. Similarly, it is approximately 1 ns at the
(@ space-diversity port. The stability of the second ray delay is an
important result of this analysis since it verifies the existence
g g and dominance of the coherent interference signal. In general,
& delay™ E g the delays computed for this event fall within the range of the
. 3 values published for other experiments (1-8 ns) [16]-[18].
2 =~ &
§ [ dopih, i3 V. SUMMARY
o | / § 5 The parameters for multipath propagation due to ground
é - g % reflections are: 1) amplitude of the transmitted signal; 2)
= | e 5 Z  visibility of the exposed ground; 3) reflection coefficient of
& < frequency & the exposed ground; 4) roughness of the exposed ground; 5)
A | \/ f’A// .. directivity gain for the path trajectory; and 6) coherence of
s L & § the reflected wavefront. As is shown in the path analyses, it
& o e (scconds) 0 :f: is essential to identify and analyze the sources of secondary

paths. Visibility and directivity are easily established by a lin-
() earized terrain profile analysis. Coherence may be determined
Fig. 6. (a) Inverted multipath model (178 feet, 6 GHz—Brawley, CA). (bfrom the secondary path length or delay profile. A measurable
Inverted multipath model (141 feet, 6 GHz—Brawley, CA). area of exposed and smooth ground or water having a constant
delay profile is a reflection candidate. If the coherent reflecting

phase between two received signals results in a movem&ht® |s_present fo_r norn_md' factors, then the link has a ""Trge
obability of multipath interference. On the other hand, if the

of the cancellation frequency or notch. Changes in amplitu&éh  reflecti . L1 treffiéact |
result in a variation of the notch depth. Slope fading general et[(;:\n re Ect;rll? ar(]::-a |s|tpref:n torf extremeac ors”on Y
occurs when the notch is outside the monitored channel, 6 gn the probabiiity of muftipath interierence Is smail.
near the band edge. It is manifested by nonequal signal levels
from each of the filters at the same instant in time, typically,
with the band centered filter output being less than one bang] A.J. Giger,Low-Angle Microwave Propagation, Physics, and Modeling.
edge filter output and greater than the other. As the signal Eog]oodb 'VIIAI ArgeCF? EOUSE' 199%- uating LonalevRi i

L. . . . ambperiin an . Lueppers, valuating Longley—Rice an
minimum approaches a channel in the frequency domain, tHe propagation models,JEEE Trans. Antennas Propagatcol. AP-30, p.
slope of the channel response becomes more severe. The band-1098, Nov. 1982.
edge filter near the notch displays a large loss of signal3l |- P- Shkarofsky and S. B. Nickerson, “Computer modeling of multipath
Eventually. the channel shape as aiven bv the three filter propagation: Review of ray-tracing techniqueRAdio Sci. vol. 17, no.

Y, \ ape as g y 5, p. 1133, Sept./Oct. 1982.

outputs becomes nonlinear in decibels. [4] J. T. Hviid, J. B. Andersen, J. Toftgard, and J. Bojer, “Terrain-based

A xample of multivath or ion phenomenon i propagation model for rural area—An integral equation approdElftE
QOOd éxample o ultipath propagation phenomenon Is Trans. Antennas Propagatvol. 43, pp. 41-46, Jan. 1995.

shown in Fig. 5(a) and (b). Initially, in the spaced antennas) m . Levy, “Parabolic equation modeling of propagation over irreg-
channel and then in the unprotected antenna channel, the signal ular terrain,” Electron. Lett, vol. 26, no. 15, pp. 1153-1155, Apr.
; ; ; 1990.

power was faded. and .dIStOI‘ted. The spectra in F'Q- 5(a) a , “Horizontal parabolic equation solution of radiowave propaga-
(b) had a slope distortion as shown by the lower signal level " tion problems on large domaindEEE Trans. Antennas Propagatol.
in the upper filter outpuffs) and the higher signal level in g3,v\r;p-Ml37—l4§A l;e% _é9(9f,5-,t it face Green's function)

. . . . W. Marcus, ybrid (finite difference-surface Green’s function
the lower filter (_)Utpm(fl)' Move_ment_ of a s_|gnal minimum method for computing transmission losses in an inhomogeneous atmos-
through a monitored channel is typically illustrated by the phere over irregular terrainJEEE Trans. Antennas Propagatol. 40,
consecutive depression of each of the spectrum filter outputs Pp. 14511458, Dec. 1992. _ o
. ith di d di d ith . [8] A. Barrios, “A terrain arabolic equation model for propagation in the
In either ascending or descending order with respect to tim troposphere,IEEE Trans. Antennas Propagatol. 42, pp. 90-98, Jan.

as the notch sweeps to either higher or lower frequencies. 1994.

REFERENCES




BIANCHI AND SIVAPRASAD: CHANNEL MODEL FOR INTERFERENCE ON TERRESTRIAL LOS DIGITAL RADIO 901

(9]

[10]

[11]

[12]

(23]
[14]
[15]

[16]

(17]

(18]

[19]

[20]

J. Lavergnat and M. Sylvain, “Selective fading radio channels: ModelinGharles Henry Bianchi was born in Haverhill, MA, on January 4, 1961. He
and prediction,” [EEE J. Select. Areas Commurvol. SAC-5, pp. received the B.S., M.S., and Ph.D. degrees in electrical engineering from the
378-388, Apr. 1987. University of New Hampshire, Durham, in 1983, 1985, and 1995, respectively.
M. Shafi, “Statistical analysis/simulation of a three ray model for From 1986 to 1996, he was employed at AT&T Bell Laboratories, North
multipath fading with application to outage predictiofZEE J. Select. Andover, MA, where he worked on digital radio and hybrid fiber-coax
Areas Commun.ol. SAC-5, pp. 389-401, Apr. 1987. systems. He is currently employed at Sanders Lockheed-Martin in Nashua,
E. H. Lin and A. J. Giger, "Radio channel characterization by threRH, where he is working on wireless and hybrid-fiber coax systems. His
tones,”IEEE J. Select. Areas Communol. SAC-5, pp. 402-415, Apr. fields of research activity include RF propagation and planning, as well as
1987. channel measurement, characterization, and modeling.

J. Lavergnat and P. Gole’, “Statistical behavior of a simulated mi-

crowave multipath channelJEEE Trans. Antennas Propagatol. 39,

pp. 1699-1706, Dec. 1991.

D. E. Kerr, Propagation of Short Radio WavesNew York: Dover,

1967, p. 411. Kondagunta Sivaprasadwas born in Madras, India, on March 3, 1935. He

M. P. M. Hall, Effects of the Troposphere on Radio Communicationeceived the B.E. degree from the University of Madras, in 1956, and the
Stevenage, U.K.: Peregrinus, 1979, p. 86. ) S.M. and Ph.D. degrees from Harvard University, Cambridge, MA, in applied
L. Boithias, Radiowave Propagation. New York: McGraw-Hill, 1987, physics, in 1958 and 1963, respectively.

p. 55. Since 1969, he has been a member of the Electrical Engineering Department

A. J. Bundrock and J. V. Murphy, “A broad-band 11-GHz radioyt the University of New Hampshire, Durham. Prior to that, he taught at
propagation experiment/EEE Trans. Antennas Propagatiol. AP-32,  he Indian Institute of Technology, Madras, India, and at the University of

pp. 449-455, May 1984. . . . Houston, TX. He also worked at the Air Force Labs at Hanscom Field,
L. Martin, “Rates of _che}pge of propagation medium transfer funCt'OBedford, MA. He was a Visiting Professor at the Technical University of

during selective fading,” inURSI-F Symp. Louvain, Belgium, June penmark, Lyngby, in 1976, a Visiting Scientist at Woods Hole Oceanographic
1983, p. 31. P . . Institute, Falmouth, MA, from 1983 to 1984, and a Postdoctoral AFOSR
M. Rooryck, “Validity of two-path model for calculating quality of pesearch Fellow at Rome Labs, Hanscom AFB, from 1990 to 1993. His
digital radio links; determination of model from measurements o elds of research activity include applied electromagnetics, wave propagation

;nwgﬁigggféiﬁr?rn' JLeg’”\é?/l' 185urr1]1?n§:1y g?'ngﬁgégﬁbm\gnld%gﬁ@ inhomogeneous media, underwater acoustics, and remote sensing.

and digital radio performance across the English ChannellC»'89,

Sept. 1989, p. 774-786.

W. C. Jakes, “An approximate method to estimate an upper bound on the
effect of multipath delay distortion on digital communicationlfEE
Trans. Commun.vol. 27, pp. 76-81, Jan. 1975.



