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ABSTRACT

This paper presents a propagation model for land-mobile-satellite (LMS) wideband radio channel in built-up environ-
ment. The model characterizes the behavior of the radio channel, under shadowing and multipath effects due to build-
ings, with variation of the elevation angle of the satellite. The wideband parameters (coherent bandwidth and time delay
spreading) for LMS channel, in residential and urban environments, are computed. These parameters can be considered
as a measure of the amount of ISI (inter-symbol interference) of the radio channel, which distorts the received signal
and accordingly increases the bit error rate. The calculated values for these parameters using our model, show very
good agreement with the corresponding measured ones, which accordingly shows the validity of the developed model

for radio channel design in satellite mobile communication systems.

Keywords. Radio Channel Modeling; Electromagnetic Wave Propagation; Satellite Mobile Communication;

Ray Tracing; Uniform Theory of Diffraction

1. Introduction

Mobile satellite communication systems are designed to
provide truly global coverage using constellation of low,
medium, or geostationary earth orbit satellites. These
systems may suffer from poorer quality of service due to
high free-space path loss, tree or hills shadowing and
multipath due to structures in the vicinity of the mobile.
The first two effects mainly influence the line-of-sight
LOS (or the direct) path and result in large scale fading,
which causes severe signal attenuation especially at small
satellite elevation angles. The last one is responsible for
small scale fading and time spreading in the received
signal, which occurs due to the vector addition of re-
flections, diffractions and scattering from local objects
such as buildings [1]. Statistical approaches have been
used for modeling the LMS channel [2]. These model are
simpler, however, due to lack of physical background,
such models may provide unreliable results. On the other
hand, deterministic models provide high accuracy, but
they require actual analytical path profiles and time-
consuming computations [3]. A combination of both ap-
proaches has been also developed [4]. In general these
models can be classified in to narrowband and wideband
models. The first one is concerned with voice/data appli-
cations of smaller signal bandwidth with respect to the
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coherent band-width of the channel [5,6]. Lower attention
has been given for wideband modeling of LMS channel,
which becomes critically required for multimedia appli-
cations of higher bit rate. Sine, time spreading in the or-
der of 10 ns is a very important factor to be considered
for application of bit rate > 10 Mb/s. In these cases, de-
terministic ray-tracing based models, which describe the
area around the mobile could be very efficient to estimate
the amount of inter-symbol interference (ISI) and thus the
associated bit error rate.

Wideband characterization of LMS channel has been
presented in different papers. In [7] the received signal
was measured for different elevation angles and envi-
ronments. UTD (uniform theory of diffraction) based
propagation model including only single edge diffraction
was reported indeed [8]. The main contribution of this
paper with respect to the last reported one in [5] is the
improved modeling procedure with higher emphasis on
the time delay of each ray contribution with respect to
the minimum delay (direct) path. Thus the main features
of the developed wideband model are:

1) Accurate description of multipath effects by in-
cluding all expected contributions like building edge dif-
fractions, building wall reflections, ground reflections,
multiple reflections, multiple diffractions, and multiple
reflections-diffractions.
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2) Calculating the received signal at the mobile with
variation of the elevation angle of the satellite.

3) Computing time-variant impulse response and trans-
fer function of the satellite-to-mobile radio channel.

4) Deriving power delay profile (PDP) for the multi-
path LMS channel, in addition to the root-mean-square
time delay (7).

5) Providing simulation results that have a very good
agreement with corresponding measured ones in [7] and

[9].
2. System Propagation M odel

The model is adopted to characterize only the multipath
mechanism around the mobile, which is the main cause
of the received signal fast fading and time spreading
(distortion). Accordingly, the model will calculate the
normalized amplitude of the received multipath signal at
the mobile with respect to the received direct one above
the building. The geometry of the propagation model is
illustrated in Figure 1. A satellite moving in circular
orbit above the surface of the earth descends behind a
row of buildings of height /4, and width w,. A mobile
antenna located at a height %,, above the ground is at a
distance x,, away from the building. The received signal
at the mobile antenna is estimated for satellite elevation
angles, 0° < < 180°. The carrier frequency of 2.5 GHz
was assumed for the transmitted signal from the satellite
to the mobile.

3. Wideband Characterization

Multipath wideband channel can be considered as a time-
variant system. The effects of scatterers in discrete delay
ranges are lumped together into individual “tap” with the
same delay. Each tap represents a single ray contribution
to the received signal and has gain, which varies in time
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Figure 1. Zonesfor ray contributions dueto building blockage.
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according to the standard narrowband channel statistics
[5]. The taps are usually assumed to be uncorrelated from
each other. Since each tap arises from scatterers, which
are physically distant and separated by many wave-
lengths. The basic function that characterizes the channel
is the time-variant impulse response. The channel is
therefore a linear filter with a time-variant finite impulse
response as illustrated in Figure 2. The output Y(¢) at a
time ¢ for input U(#) can be determined by convolving the
input with the impulse response

N
Y(£)=U(t)*h()=2 h(t)U(t-71,) (1)
i=1
where * denotes convolution and 7 is the delay variable.

3.1. Radio Channel Transfer Function and Im-
pulse Response

The LMS radio channel can be considered as a time
variant system because the characteristic of the channel
changes with variation of the elevation angle. However at
certain elevation angle, the channel can be assumed as
linear time invariant and, hence, the transfer function of
any coupling mechanism or ray contribution i can be
formulated as [10]

E (0)=|E (o). )

Assuming that the transfer function varies slowly around
a carrier frequency o, with constant amplitude and a lin-
ear varied phase, then

E (o0)=|E|-e" &)

i

Here, the phase is approximated by the first two terms of
its Taylor’s series [10]

9. (0)=9,+(0-wo,)1,; where T, =% o=, 4)
@, 1s the phase of E{w) at w,, 7; is the time delay of pro-
pagation of the field along the i path with respect to ref-
erence direct path contribution. £, is a complex parame-
ter that depends on the antenna gain and geometry and
also includes the coefficients of coupling mechanism:
reflection coefficients, diffraction coefficients etc. The
in-phase and quadrature components of the baseband
transfer function is [10]

u(t)
I

T | T |

Figure 2. Wideband channel model.
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E, (w) = 2|Eic

cos (g, )¢ 5)
sin (g, ) e i, 6)

Therefore the in-phase and quadrature components of
baseband impulse function can be obtained by inverse
transform of (5) and (6) as follow

hﬁ(t):2|El.c|cos((pl.c)6(t—rl.) (7
h, (1)=-2|E,|sin(¢,)o(t—1,). (8)

The modulus of the baseband impulse response %,(f) for
coupling mechanism i will be

[y (1) =2|E,

E, (0)=-2|E,

§(t-1,). ©)
From (3), the transfer function of the total electric field is

E (@)=Y E (0)= X|E|-¢™ ). (10)

From (9), the amplitude of base band impulse response
for the whole radio channel is given by

|y (2) =2§i“|E,.L,|5(z—r,). (11)

To calculate the transfer function and the associated
impulse response at certain elevation angle, initially, the
model will determine the expected ray contributions at
this elevation angle (zone) according to the data listed in
Table 1. Figure 3 sketches the expected ray contribu-
tions at the zone defined by eclevation angles between
kspBiggmax and 180°. After that, the model will calculate
the transfer function and the impulse response for each
ray contribution using (3) and (9). Finally, (10) and (11)
will be used to compute the transfer function and the
impulse response of the whole channel at the considered
elevation angle.

The procedure of calculating the transfer function and
impulse response can be exemplified by the first case a
in Table 1 for ground reflected and second order dif-
fracted ray shown in Figure 4. As it can be seen in this
figure, the incident field at point M corresponds to a di-
rect incident ray; hence it can be considered as a reference

E (reference) = E,, - /0% (12)
where k,= w./C is the free space wave number. C is the

speed of light. The reflected then second order diffracted
field at the mobile can be written as

E = E(reference)-T, (n/2-0, 1.)- D(L,,0,,0,,n,, f)
e PRAZE (13)
.

I'y(.) is the ground reflection coefficient and defined as

[11]

—Jkop2

.D(IZH(o[:(ol,,nl,f;)-e_jkopl .
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cos(n/Z—G)—lJar —Sin’ (n/2-6)

r,(z/2-0.1,)= a (14)

cos(n/2—9)+é,le,, —Sin* (n/2-6)

Table 1. Ray contributions at different zones.

Elevation angle 6 Ray contributions

Gsg > 0>0 a,b,and ¢
bhsg > 02 G a,b,c,and d
90° > 0> brsp a,b,c,d,ande

OGrsGna = 62 90° b,c,d,e,and f

Chspana < O< Chsppide b,c,d,e,f,hand g

Cksaiag< 0= O rspBidgMax b,c,d, e f,g handi
GRSBBIdgMaXS 0<180° b, C, d, e, f, h, i andj

a: Ground reflections and then second order diffractions.

b: First and second order diffractions.

c: First and second order diffractions followed by ground
reflections.

d: Direct wave.

e: Ground reflection

f: Reflections from the ground followed by diffractions from
the building.

g: Reflection from the ground followed by diffraction from the
building followed by second reflections from the ground.

h: Reflections from the building followed by reflections from the
ground.

i: Building reflections.

j: Reflections from the ground followed by reflections from the
building.
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Figure 3. Zonefor ray contributions due to building blockage
at elevation angle @ (Gkssaiggmax < @< 180).

y
4
$H (=0 di= V\2¢1
Ray from Satellite ‘ W, 2 W,
- e 1 P hy ps
/(Z 3 Mobile
I | -
M f ! X

Wp Xm

Figure 4. Zonesfor reflected diffracted ray contribution.
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where a = 1 for horizontally polarized incident wave and
a = & for vertically polarized incident wave. The ground
permittivity & is [11]

90

f.(MHz)’
The building edge diffraction coefficient is defined as

[12]

D(Lg,g'n f,) =~ 2_2 NI

x Hco{—ﬂ(fn_(p )}F[koLf (0-¢)]
@}F[k#g'(w—co’)]} (16)

n

e 2 Er 2 elnss e

n

+Co{w}F[kng (p+ €0')]}J

g =15—j (15)

+C0{

n

where C is the light speed and f; is the carrier frequency
of the diffracted signal. The minus sign between the
curly brackets is used for horizontal polarization and plus
sign for vertical polarization. L is the distance parameter,
n is the wedge index (in our case n = 1.5), and F[k,Lg" (¢
t+ ¢")] is the Fresnel transition integral [12]. The field in

(13) can be reformulated as
E = E (reference) T, (n/2—0 f. )-D(lz,q)z,q);,nz,fc)

- /(p1+p2+p3)wc/C ( 1 7)

JPTJPT

As it can be seen in Figure 4, (p; + p, + p3) represent
the path difference between the reflected-diffracted ray
and the direct one; thus the corresponding time delay 7
= (p1 + p» + p3)/C. Hence, using (3), the transfer func-
tion of this ray contribution will be as follow

E(w)=E (n/2 0.1.)-

D(Ly. g0, 1) .F'F'e
2 3

The normalized E(w) with respect to E(reference) is
E(0)=T,(r/2-0,1.)-D
1 I e (19)

.D(121’¢1’¢1’9n1afc)-F.\/p_,e
2 3

with amplitude of
L, (1/2-0.£.)-D(L, 0,051, 1.
|E ()| = D(i 11 | (0

21’¢1’¢;an1,f;‘).F,F
2 3

D(lzln(ﬂl’golanln

(reference)- T, D(L,,0,,¢5.m,, 1)

—r(e-ec) (18)

(129¢27¢;:n2:f;)
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Thus the modulus of the baseband impulse response of
this ray contribution is then

Fg(n/Z—H,f)'D(lza% 3.1, 1)
[n(0) = .D(1 1

0100001 f, \/7 \/p73

In terms of the building and mobile dimensions and the
distance between them (see Figure 4), pi, p2, ps, ¢, ¢,
@, ©,,Lyand Ly, can be defined as

5(1-7,)@21)

py=h,/sind, p, =w,, p; = X;i +(hb _hm)z’

b\p Dy P '
L= — o by = — s 0, =0,0,=m+0,
ptp Pyt D
—3—n—ta X, and ¢ =
2} > h—h > %}

The same procedure can be applied to derive the transfer
function and impulse response for other ray contributions
in terms of the geometrical dimensions and the elevation
angle.

3.2. Power Delay Profile

The power delay profile (PDP) is defined as the varia-
tion of mean power in the channel with delay [9], thus
the mean power of signal ray contribution of delay 7; can

be defined as
2
[ |1 (o) |
p=—— 1)

where E[.] is the mean square value of the amplitude of

time variant impulse response #4,(f). Usually the PDP is

discretized in the delay dimension to yield » individual
taps of power P;, P,,---,P,. Each tap-gain process may be

Rice or Rayleigh distributed [5]. The PDP can be char-

acterized by various parameters:

e Maximum excess delay (7 1945): The maximum delay
for a multipath component within —10 dB of the strong-
est arriving multipath signal.

e Mean delay: the delay corresponding to the “center of
gravity” of the profile; deﬁned by

=— Z Pr, (22)
T i=1
where the total power is

B=YP (23)
i=1

e Root-Mean-Square delay (7,,;): the second moment,
or spread, of the taps which takes into account the
relative power of the taps as well as delay

= /—ZPT -1, 24)

This makes 7, a better indicator of system perform-
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ance than the other parameters. Since it can be consid-
ered as an indicator of the system error rate performance
for moderate delay spread (within one symbol duration).

4. Reaults

A matlab program has been written to calculate the
channel transfer function, the impulse response and the
power delay profile including its delay parameters (z,,
T194s and 7,,). Figures 5-8 show the channel transfer
function for different elevation angles and at different
environments (residential and urban) for vertically polar-
ized signal. The shadow boundary fsp for residential
building of 14 m height and 10 m width at a distance of
20 m away from the building is 47.7°. In the first case of
Figure 5 with @ < @gp, the received signal is mainly af-
fected by shadowing effect (no direct signal), which can
also be observed from the small amplitude. In the other
case of Figure 6 at 8> g there are money unblocked
signal contributions that increase the signal level. The
interaction between these maultipath signals of different
delays results in considerable variation of the amplitude
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Figure 5. LMS channel transfer function at 45° elevation
angle for 14 m building height and 10 m building width at a
distance of 10 m away from the building in residential area.
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Figure 6. LMS channel transfer function at 90° elevation
angle for 14 m building height and 10 m building width at a
distance of 10 m away from the building in residential area.
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Figure 7. LMS channel transfer function at 45° elevation
angle for 112 m building height and 20 m building width at
adistance of 10 m away from the building in urban area.
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Figure 8. LMS channel transfer function at 90° elevation
angle for 112 m building height and 20 m building width at
adistance of 10 m away from the building in urban area.

of the transfer function around the carrier frequency 2.5
MHz. The —6 dB bandwidth in this case is around 17 MHz.
The shadow boundary 0;sg for urban building of 112 m
height and 20 m width at a distance of 10 m away from
the building is 84.7°. In the first case of Figure 7 with <
Gsg, the received signal is also affected mainly by shad-
owing effect, which can also be observed from the smaller
magnitude of the transfer function.

In the other case of Figure 8 of &> @gg the received
signal is significantly faded due to stronger maultipath
mechanism, which can also observed for the smaller am-
plitude around the carrier frequency 2.5 MHz. The —6 dB
bandwidth in this case is around 12.5 MHz. With respect
to the last case of Figure 6, of the same elevation angle,
the expected deterioration (amplitude variation and the
associated frequency selectivity effect) of the radio chan-
nel as the mobile is moved from residential to urban en-
vironment has been predicted by the model.

Tables 2-5 present calculation results for the mean values
of 7, 7194s, and 7, in urban and residential environments
for line-of-sight (LOS) of 8> fsp and out-of-sight (OOS)
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Table 2. Timedeay parametersfor residential environment.

Table 6. Comparison between computed and measured z,,,,.

OOS region LOS region
hy(m) X, (M) 7, (nS) Tioa8 (0S) Gms (0S) 7, (NS) T 10aB (NS) Tms (S)
7 10 1450  4.07 1826 6690 148.13  56.90
7 20 14.71 3.52 17.92 5931 13723  51.30
7 30 1584 230 16.53  61.77 147.15  53.65
14 10 3.42 1.97 440 6191 136.60 53.04
14 20 3.45 1.81 440 4353 102.55 37.67

14 30 3.75 1.38 460 2676  64.68  23.76

Table 3. Mean time delay for residential environment.

OOS region LOS region
(M)  TiaB(MS)  Tws(MS) % (NS)  Tioas (NS) s (NS)
9.28 2.51 11.02 53.36 122.72 46.05

Table 4. Time delay parametersfor urban environment.

OOS region LOS region
hy (m) X, (M) 7, (0S) T10a8 (NS) Tns (0S) 7 (0S)  T10a3 (NS) Ty (S)
56 8 75.44 3.13 52.88  31.88 113.32 4555
56 12 79.50 6.19 67.18 2882 34236 41.28
56 16 8290 10.15 7743 30.22 334.78 40.70
84 8 109.80 2.93 6226  32.00 339.96 46.40
84 12 11413 582 81.12  32.05 434.00 47.16
84 16 118.20 10.11 95.64 3340 460.70 48.48
112 8 14430 3.76 69.81 3424 46741 52.04
112 12 14887 7.49 92.10 34.00 543.54 52.03
112 16 15326 11.19 109.87 3520 56294 53.77

Table 5. Mean time delay for urban environment.

OOS region LOS region
7 (ns)  Tioae (NS)  Trms (NS) 7, (ns)  Tioae (NS) T (NS)
114.04 6.75 78.7 32.42 399.9 47.49

of 0 < B zones. As it can be seen in Table 2 and 4,
higher values for 7, and z,,, can be observed in the OOS
zone, and thus stronger signal distortion (time spreading)
is predicted especially in the urban. In this zone also
T 104s has smaller values due to the stronger attenuation
for the signal ray contributions. In the LOS zone, there is
smaller variation for the signals delays in the residential
areas and it can be reduced by moving the mobile far
away from the building (7, and 7, decrease by increase-
ing x,). In urban environments z, and 7,,, are affected
mainly by the building height and therefore standing
away from the building may not provide significant im-
provement for the received signal at the mobile.

Tables 3 and 5 show comparable value for the mean
of 7,,,1n both urban and residential environments. This
can be related to scaling of the value of this parameter by

Copyright © 2012 SciRes.

Computed mean Computed mean

. . Computed Typical measured
value of 7, in value of 7, 1in P P

. " mean value  values for 7,
urban residential .
. . of Ts in [7,9]
environments environments
47.49 ns 46.06 ns 47.78 ns 40 ns - 50 ns

the received power. In urban area, the value of time delay
is larger but the received power is smaller. On the other
hand, in residential environment, the value of time delay
is small but the received power is larger. Table 6 com-
pares the simulated and measured 7,,,. The mean value
of computed 7, is equal to 47.78 ns and this value is in
the range of typical values for mobile satellite (40 - 50 ns)
reported in [7] and [9].

5. Conclusion

A wideband propagation model for LMS radio channel
has been derived and implemented in Matlab software.
The model has been used to calculate the received signal
at the mobile for different satellite elevation angles and
also in different environments (residential and urban).
The simulation results showed that the frequency selec-
tivity effect increases as one moves from residential to
urban environment; and therefore this accordingly limits
the usable transmission bandwidth. Also the power delay
profile analysis showed that the time spreading effect,
which can be used as an indication for the rate of ISI of
the LMS, increases in the urban areas with respect to
residential ones. The obtained values for the time delay,
using the developed model, have a good agreement with
measured ones in other published papers.
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