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Propagation Analysis of Signal
Fading for Basic Exchange Radios
Jean-Fu Kiang, Member, IEEE, and Sing H. Lin, Senior Member, IEEE

Abstract-Advances in microelectronics,digital radio, and voice
coding technologies make basic exchange radio (BEXR) systems
economically attractive for rural telecommunications services.
The performance and reliability of a BEXR can be affected by
multipath fading. Although empirical multipath fading models
are available for microwave links above 2 GHz, these models
are not directly applicable to the BEXR links because of the
substantial differences in frequency, antenna beamwidth, and
radio path clearance. In this paper, we present a method to obtain
a scaling factor which accounts for the differences between BEXR
and microwave links. First, we study the terrain scattering by
using a rough surface model and the atmospheric refraction by
using a ray tracing approach. Then, we calculate the received
signal powers of a microwave link and two BEXR links on the
same path under the same propagation condition. The signal
characteristics are investigated and used to simulate the fading
distributions for all three links. From the simulation results, we
derive a scaling factor to modify the existing microwave multipath
fading models for BEXR application. The predictions by the
modified model agree well with measured BEXR data. This study
shows that probability distribution of signal fading on BEXR
links is a strong function of antenna height and beamwidth.

I. INTRODUCTION

B

OTH the initial capital and the ongoing maintenance costs
can be significant if cables or open wires are used to
provide telecommunications services to dispersed subscribers
in rural areas. Advances in microelectronics, digital radio,
and voice coding technologies make basic exchange radio
(BEXR) systems economically attractive for providing rural
telecommunications services. Frequencies for BEXR in the
United States are in the 150 MHz, 450 MHz, and 800
MHz bands [ll-[3]. The deployment of BEXR systems is
accelerating worldwide, providing affordable telephone service
to rural residents.
The performance and reliability of a BEXR link are affected
by anomalous atmospheric radio propagation conditions such
as multipath fading and obstruction fading [4]-[6]. Since
severe fading can degrade service quality or cause outages to
BEXR links, models of fading signals are needed to engineer
these links and meet performance and reliability objectives.
Empirical signal fading models for microwave links above
2 GHz may not be directly applicable to BEXR links because
of the substantial differences in operating frequency, antenna
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beamwidth, and path clearance. The antenna beamwidth of a
typical microwave link is 3" or less whereas the antenna of
a BEXR radio base station is usually omnidirectional in the
horizontal plane. Furthermore, microwave radio links usually
use high radio towers (for example, 75 m) to obtain a clear path
whereas the BEXR links have little path clearance because the
antenna poles at the subscriber sites are usually short (15 m
or less). These differences cause significantly different signal
fading characteristics [7], [SI.
In [9], experiments were carried out to study the radio propagation properties affected by the refractivity. In [lo]-[ 121, ray
tracing approaches were used to study the multipath propagation caused by atmospheric refraction. In [l 11 and [ 121, terrain
reflection is accounted for by a reflection coefficient at the
specular point. These studies were carried out for microwave
links in which the terrain scattering is not significant owing to
the narrow antenna beamwidth.
Recently, we completed a preliminary statistical analysis on
measured fading data for two BEXR links [13]. The rewlts
show that signal fading on those two links may be largely
caused by multipath fading. Because of the wide beamwidth
of antennas used in the BEXR, we need to investigate both
the terrain scattering and the atmospheric refraction to fully
understand the fading characteristics of BEXR. In Section
11, we present a rough surface model to study the terrain
scattering. In Section 111, we describe a ray tracing approach
to study the atmospheric refraction. In Section IV, empirical
microwave models of fading distribution are reviewed. In
Section V, we present the results on BEXR links by the rough
surface model and the ray tracing approach. In Section VI, we
use the received signal characteristics to simulate the fading
distributions for a microwave link and two BEXR links. By
comparing these fading distributions, we obtain a scaling factor
to modify the existing microwave multipath fading models for
BEXR applications.
11. ROUGHSURFACE
MODEL
In this section, we give a brief review of the two-dimensional
rough surface model by Beckmann and Spizzichino [141. As
shown in Fig. 1, Ei is the incident field and
is the field
at 7 caused by scattering from surface area A. ET(To)is the
reference field at FO due to specular reflection from the same
surface area A as if the surface were smooth. Here, This the
center coordinate of the area A, and 17 - 5: b 1 = /To - T b I. We
as
define the ratio of /Es(F)land (ET(Fo)/
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For microwave and BEXR links with frequencies below 1
GHz, we have g << 1 within the illuminated area. Thus, (5)
can be approximated by the first term, and

+ (P)(P*)
e-gF2 [p; + a
? r g P exp (-,42;2/4)].

( P P * ) = D(P)
M

(7)

From ( 1 ) and (7), the scattered power contributed by A can
be expressed as
1

Ps(A) = - { & ( W : ( q ) A
VO

- pt(a'A)2 Gt(&,dt)G,(e,,

2~7-12~:

. COS'

Fig. I . Geometry of terrain scattering by surface area -4. Ez is the incident
field, E , is the scattered field, and E , is the specularly reflected field.

we
that the reflection coefficient within A can be
approximated by an averaged coefficient; then p(T, A ) can be
approximated as

//

[

4,)

)],
+ T g T 2 exp ( - ? J : T ~ / ~(8)
IL

OiF 2 c g 0;

~

where 710 is the characteristic impedance of free space, Pt
is the radiated power of the transmitting antenna, ~i ( T , ) is
the distance from the transmitting (receiving ) antenna to A ,
Gt(&, &) is the power gain of the transmitting antenna in the
propagation direction ( g t ; d t ) toward A , and G,(Q,, 4?)is
the power gain of the receiving antenna in the propagation
direction (O,, 4,)toward A. The total scattered power is
obtained by adding the scattered power from all the subareas
the
area.
111. RAY TRACING
APPROACH

The atmospheric refractivity affects the wave propagation.
p(T, A ) FZ F ( & ,B,. & ) ( l / u )
&'ez' (-'A)
(2)
A
When air stratification is formed under stagnant weather,
multiple propagation paths may exist in the atmosphere. Inwhere a is the area of A, V = %, - F,, IC, (is)
is the terference among these waves and the scattered waves from
wave number vector of the incident (scattering) wave, and the terrain may cause signal fading. In this section, we briefly
F(8,. 8,. $,) is a factor which depends on the incident and review the ray tracing approach by Shkarofsky and Nickerson
the scattering angles.
[Ill.
Next, we choose A to be a rectangle of 21, by 21, with
A ray trace can be obtained by integrating the following
I , >> X and 1, >> A. The local coordinate of the terrain surface two vector equations:
within A is defined as 7' - F b = J? yy ( 2 . Then, the
& ensemble average of p ( F . A) can be represented as
d(=b
( P ) M F(4,Qs.d s ) X ( % ) P o ( L , ly).
(31
(9)
Here, x(wz) is the characteristic function of the distribution
w(() for terrain roughness (, and
where is the independent variable, F is the position vector of
the ray trace, b is an auxiliary vector, and n is the refractive
pO(Z,, l Y ) = sinc (w,Z,) sinc (w,ly),
(4) index in the atmosphere. We use Runge-Kutta's method of
the fourth order to integrate (9), and use Newton-Raphson's
where sinc(a) = sin a / a .
method
to search the ray trace between two fixed antennas
The variance of p can be expressed as
[15]. The path length s, the phase 4i, and the polarization
m
m
vector can be obtained by integrating
~ ( p =) ( ? r / a ) ~ ~ - g 9exp ( - 7 1 : ~ ~ / 4 m ) (. 5 )
ds m = l nr!m
9

+ +

<

where U , =
terrain, and

fi;+

..

-n

v f , T is the correlation distance of the

g = (w,c7)2

= [koa(cosOi + cos 8J2,

where cr is the standard deviation of the terrain roughness.

&

(6)

1 +
-E(b.
4 4

-

Clogn2)

along the ray trace. Here.

+ -21-b ( E .

Olog7,2) = 0

(10)

is the wave number in free space.
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To calculate the power density at the receiving antenna, we
first deviate the launching angle of the ray trace infinitesimally
in both the azimuthal and the elevation direction to form a
ray bundle. Then, from the cross section variation of this ray
bundle and the power conservation law, we obtain the power
density at the receiving antenna. The refractive index n ( h ) in
the atmosphere can be expressed as

n ( h )= 1

Terrain profile at K = 1.7

+ 10-6N(h,):

where h is the height above sea level, and N ( h ) is the re
tivity at h. Because of temperature and humidity variat
anomalous refractivity may occur [9]. A typical anomalous
refractivity can be described as [lo]

AN
+ + -tan-'

N ( h ) = NO y h

7i

[12.63(h - h o ) / A h ] , (12)

where NOis the ground refractivity, y is the medium refractivity gradient, A N is the anomaly intensity, Ah is the anomaly
thickness, and ho is the anomaly height.

0
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Two empirical models are generally used to predict multipath fading distribution. In the United States, multipath fading
data have been collected from many line-of-sight microwave
links at 2, 4, 6, and
GHz. From these data, an
model has been derived to predict the distribution of multipath
caused down-fade on microwave radio links as [5]
T, = 0 . 4 T ~ ~ f d ~ l O - ~ " ' ~ s/lyr/hop,
)
(13)
where T, is the accumulated seconds per year that the fade
depth exceeds the given threshold, F,, in dB, T f is the average
annual temperature in degrees Fahrenheit in the vicinity of the
radio link, f is the radio frequency in GHz, d is the radio link
length in miles, and c is the geoclimatic factor.
When the fade depth is greater than 10 dB, the multipath
fading distribution drops by a factor of 10 for every 10 dB
increase of fade depth. In [4], Lin analyzed the statistical
behaviors of multipath fading and provided a theoretical basis
for this observation.
The International Radio Consultative Committee (CCIR)
proposes a similar model to calculate the fading probability
at large fade depths as [16]

F ( w ) = Q(w/..y))f"d",

(14)

where F(w)is the probability that the received power is lower
than U), f is the frequency in GHz, d is the path length in km,
w is the received power in watts, W O is the received power
in watts under normal atmospheric condition, and Q is the
geoclimatic factor.
A recent study suggests that extrapolation of (1 3) and ( I 4)
to a lower frequency range is feasible for microwave link [17].
Therefore, we apply (13) and (14) to predict the microwave
fading distribution at 450 MHz. Then we assume that a scaling
factor can be derived to modify the empirical models in (13)
and (14) for BEXR applications. The main differences between
microwave links and BEXR links are the antenna heights and
antenna beamwidths; hence the scaling factor should be a

16

24

40

32

Base
Station

Distance ( km )

( Baton Rouge )

Fig. 2 . Path profile of the basic exchange radio (BEXR) experiment between
Baton Rouge and Donaldsonville, LA; path length is 43.2 km. f = 454.375
M H ~ hr
, = 91.4 m, h,. = 48,2(13.2) m.

function of these two parameters. In the next two sections, we
will first present results on BEXR by using the rough surface
model and the ray tracing approach. Then, we will present
simulation methods and results which lead to a scaling factor.

V. MODELINGRESULTSON BEXR
The Louisiana BEXR experiment was on a 43.2 km path
from Baton Rouge to Donaldsonville [7], [13]. The terrain
profile is obtained from a three-second digital terrain data
base. The transmitting antenna at Baton Rouge is located
at (30'26'59''N: 91" 11'06''W), and the receiving antenna at
Donaldsonville is located at (30"05'41''N, 90'59'54''W). The
path profile between these two antennas is shown in Fig. 2.
The transmitting antenna at Baton Rouge is 91.4 m above
ground level with a 4 dB gain and operates at 454.375 MHz. It
has an omnidirectional radiation pattern in the horizontal plane
and a half power beamwidth of 14" in the vertical plane. The
two receiving antennas at Donaldsonville are 48.2 m (upper
antenna) and 15.2 m (lower antenna) above the ground. They
are Yagi antennas with 10 dB gain. The half power beamwidths
are 60" in the vertical plane and 40" in the horizontal plane.
We also choose an imaginary microwave link for comparison. The transmitting (receiving) antenna is 84.8 (93.9)
m above ground at the same site as the BEXR transmitting
(receiving) antenna. We choose a typical number, 3", as the
beamwidth of both antennas in both the vertical and horizontal
planes.
To calculate the terrain scattering, we first divide the whole
terrain surface into three-second by three-second subareas. The
received scattering power is the sum of the scattering powers
from all subareas. For each subarea, the scattering power
is calculated by using (8). We approximate the power gain,
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Fig. 3 . The illuminated area of the microwave link from Baton Rouge to
Donaldsonville based on the three-second terrain data base. f = 454.375
MHz, ht = 84.8 m, h , = 93.9 m; average tree height is 15 m.

0

Fig. 4. The illuminated area of the upper BEXR link from Baton Rouge
to Donaldsonville based on the three-second terrain data base. f = 454.375
MHz, 11, = 91.4 m, h , = 48.2 m; average tree height is 15 m.

Gt(Bt, $+) by a joint Gaussian function as

where Gto is the antenna gain, (&,; dtO) is the bore-sight
direction of the transmitting antenna toward the subarea, 20tm
and 2q& are the half power beamwidths in the vertical plane
and the horizontal plane, respectively. The receiving antenna
power gain, G,(Q,; $ r ) , is approximated in a similar way.
After calculating the scattering power from all the subareas,
the maximum one is chosen as the power reference. The illuminated area consists of all the subareas, with each contributing
at least
times the power reference. In Fig. 3, we show the
illuminated area for the microwave link, which lies between
the transmitting and receiving antennas.
In Fig. 4, we show the illuminated area for the upper BEXR
link. Because of the wide beamwidth of the two antennas, the
illuminated area is much wider than that of the microwave
link. The blank strip indicates the river, which is obstructed
from both antennas by the surrounding terrain.
In Fig. 5, we show the illuminated area for the lower BEXR
link. The area is much smaller than that of the upper BEXR
link because the receiving antenna is barely higher than the
average tree height, which is estimated to be 15 m. Hence,
most subareas are obstructed from the two antennas by the
terrain.
In Fig. 6, we show the received power due to terrain scattering as a function of average tree height for all three links. As
the tree height increases, the received power first increases due
to reducing grazing angle, then decreases drastically because
of tree obstruction.
In Fig. 7, we present the received power due to terrain
scattering as a function of the effective earth radius factor,
K . The average tree height is assumed to be 15 m. When

1

Baton Rouge

+

I
-40

-20

0

20

40

X ( h )

Fig. 5 . The illuminated area of the lower BEXR link from Baton Rouge
to Donaldsonville based on the three-second terrain data base. f = 434.375
MHz, ht = 91.4 m, h , = 15.2 m; average tree height is 15 m.

K becomes smaller, the grazing angles decreases and the
scattering power increases. This phenomenon is more obvious
for the lower BEXR link because of the lower receiving
antenna height. When K is smaller than 1.6, the received
power of the lower BEXR link drops drastically because of
tree obstruction.
We also find that the scattering signal strength is insensitive
to the terrain roughness and tree height. Because the grazing
angles for the three links we consider are very low, only the
tips of terrain irregularities are illuminated.
To study the air refraction, (12) is used to represent the
anomalous refractivity in the atmosphere. To demonstrate our
approach, we display in Fig. 8 a refractivity profile example
as a function of height above sea level. We also display the
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Fig. 6. The received power due to terrain scattering at different average tree
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as power level reference.

Fig. 8. Refractivity as a function of h described by ( 12) and ( I 6).
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Fig. 9. Characterizing signal amplitudes of multipath propagation relative
to a signal propagating in free space. Results are obtained by using the ray
tracing approach for various 7. A:\;. Ah, and h o .

Fig. 7. The received power due to terrain scattering at different effective
earth radius factors obtained by the rough surface model. The transmitter
power is used as power level reference.

modified refractive index, M ( h ) ,which is related to N ( h )by

links. Hence, we need to consider both signals in calculating
the total received signal.

OF SCALINGFACTOR
VI. CALCULATION

where a, is the earth radius.
In Fig. 9, we show typical signal amplitudes of the multiple
received rays for any of the three links relative to the magnitude of a ray traveling in free space. Three rays may occur
within a range of anomaly height which is close to the region
where the modified refractive index inversion occurs as shown
in Fig. S. The corresponding relative delay time is shown in
Fig. 10. The parameters in these two figures will be discussed
in the next section.
The received power due to terrain scattering is comparable
to that of the air-refracted signal, especially for the BEXR

In this section, we will study the difference of fading
distributions among the three links by simulation. Applying the
terrain scattering model and the ray tracing approach directly
in Monte-Carlo simulation is very time consuming. Hence,
we try to characterize the scattering signal and the refractive
signal by a set of parameters and then use these parameters to
simulate the received signal.
We apply the method of Section 111 to calculate the signal
amplitudes and delay times for various y: A N , Ah, and ho
and observe that they can be characterized as shown in Figs.
9 and 10. In these figures we observe the following relations
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Fig. 10. Characterizing delay times of multipath propagation relative to a
signal propagating in free space. Results are obtained by using the ray tracing
approach for various 7, AN; A h , and ho.

among parameters:

> U , > al
> b, > bl
b, - b, > b, - bl
c7n > c, > c1
,C
- bm > C, - b, > C L - bl
(cu - bu>/(cm - bm) > ( ~ 1 b l ) / ( c u - bu)
d, < d, < dl
Q
,
< a, < CY1
Pm < Pu < 81
a,
bm

CY,

- a , M -0.22

pm - p,

25

-0.22

M s,

,s

z5 Q,

M

p,

-

a1

- p(

25 SE.

where the subscripts m, U , and 1 stand for microwave link,
upper BEXR link, and lower BEXR link, respectively. The
correlations among the three links are partially accounted for
by these relations.
In our simulation, the following parameters are chosen:
U,

=80

U,

= 50

= 20

bm=A
bm-bu=7
b,-bl=5
cm - bm = D
C , - b, = E(cm - b,)
CZ - bl = ( E - O.15)(cu - b,)
dm = 0.2
d, = 0.3
dl = 0.4
e , = 0.3
e, = 0.2
el = 0.3
a, = 0
cq, = 0.22
= 0.44
/lna= G

pu - pm = 0.22
,s

Fade Depth ( dB )
Fig. 11. Simulated fade depth distributions for the microwave link and the
BEXR links.

= s, = SI =

pl -

pu = 0.22

s

Now, the variables are reduced to A , D . E , G. S,
and the anomaly height ho. Their ranges are chosen to be
110 5 A 5 130, 30 5 D 5 60. 0.55 5 E 5 0.85. 0.6 5
G 5 1.8, 0.01 5 S 5 0.02, and 0 5 ho 5 100. We do not
consider the fact that the occurrence of refractivity anomaly is
less frequent at higher altitude [9].

Next, we combine the terrain scattering signal and the
refracted signal. Since the scattering signal and the refractive
signal propagate through different paths, and can be affected
by phase delay mechanisms not described in our model [9],
[18], [19], we assume that the phases of the terrain scattering
signal and the refractive signal are uncorrelated.
Based on the results in Fig. 7, we choose the scattering
signal between -93 dB and -94 dB for the microwave link,
between -86 dB and -88 dB for the upper BEXR link, and
between -83 dB and -88 dB for the lower BEXR link.
Although the variation of effective earth radius will focus
or defocus the refractive rays while changing the terrain
scattering signal, the correlation is not implemented in our
simulation.
We assume that the parameters A , D , E . G, S, and ho
are independent and uniformly distributed. Each parameter is
varied from its minimum to maximum with a fixed increment.
The increment size is reduced iteratively until the simulated
fade depth distribution curves converge to those obtained with
larger increments.
The simulated fade depth distribution curves are shown
in Fig. 11. The distribution curve of the upper BEXR link
is roughly parallel to that of the lower BEXR link. On the
average, the curve of the microwave link is 5.9 dB (9.6 dB)
above that of the upper (lower) BEXR link for fade depths
greater than 10 dB. A possible reason that the microwave link
has a higher probability of fading than the BEXR links is that
the latter have a wider range of terrain scattering signal levels
than the former; hence the combination of terrain scattering
signal with refracted signals creates fewer occurrences of fades
on the BEXR links. The same argument can be used when
comparing the upper BEXR link with the lower one.
The fade depth distributions in Fig. 11 are obtained under
anomalous refractivity conditions. We cannot get the absolute
fade depth distribution unless we know the atmospheric refractivity distribution in the area. However, we can use the
fade depth differences in Fig. 11 as scaling factors to modify
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verified with one set of measurement data in the Baton Rouge
area which is a plain full of trees and swamps. This simulation
approach should be applicable to other areas and to different
path profiles. However, the scaling factor will be different from
case to case. More measurement data and studies are needed
to obtain an empirical formula for the scaling factor.

VII. CONCLUSION
‘\
- measured

____

\

modified CCIR model

\.=

modified U S model

104
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25

20
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Fade Depth ( dB )
Fig. 12. Comparison of the measured fade depth distribution on the upper
BEXR link with the modified empirical models.

Due to significant differences in the antenna beamwidths
and path clearance, the statistical behaviors of fading signals
on the BEXR links differ from those on the microwave
links. We present a method to obtain a scaling factor which
accounts for the differences between the microwave fading
distribution and the BEXR fading distribution. We first study
the characteristics of terrain scattering by rough surface and
of air refraction by anomalous refractivity. Then, simulations
of received signals for a microwave link and two BEXR
links are performed by combining the scattered and refracted
signals. Finally, the scaling factors of fade depth distribution
curves from the simulation results are used to modify the
empirical microwave models to extend their applicability to
BEXR links. The predictions by this modified empirical model
agree well with the measured data and indicate that the fade
depth distribution is a strong function of antenna height and
antenna beamwidth.
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Fig. 13. Comparison of the measured fade depth distribution on the lower
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the microwave empirical formula for BEXR links. These are
called modified empirical models in the following figures.
The solid curves in Figs. 12 and 13 represent measured
data which were collected from June to early October 1989
for the upper BEXR link and from July to September 1989
for the lower link. The received signal was sampled and
recorded once every 2 s [7], [13]. In Fig. 12 (Fig. 13), we
also show the modified empirical curves to compare with the
measured distribution curve. The modified empirical curves
match well with the measured results. We choose the average
temperature during the measurement period to be T f = 65°F
and geoclimatic factor c = 4, Q = 100, a = 1, and /3 = 3
in (13) and (14).
The scaling factor we developed improves the prediction by
(13) or (14). However, the standard errors existing in (13) and
(14) are not reduced by our scaling factor. This scaling factor is
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