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_ Abstract—A propagation model for building blockage in satel- versus time is calculated. Also, the attenuation rate (in decibels
lite mobile communication systems is developed. This model per second) when the satellite descends behind a building is
characterizes the signal transmitted from a low-earth orbiting  egtimated and statistics of the attenuation rate for different

(LEO) satellite when there is an obstruction in the path of the . . . . -
signal. The obstruction is assumed to be a man-made structure. building heights and mobile distances from the building are

The analysis is performed using the uniform theory of diffraction ~Provided. The statistics obtained by this analysis are useful
(UTD). Using this method, both single and double diffractions in the development of hand-off algorithms for satellite mobile
from the structure edges were included. Direct and reflected rays communication systems. Hand-off to another satellite takes
from the ground and building were also included, whenever the place whenever the signal level falls below an established

satellite signal was not completely obstructed. The satellite is threshold val This ensur ntin ver in
assumed to be moving along a circular orbit while the receiver is esho alue. S ensures co uous coverage cases

stationary. The normalized signal level (in decibels) and the signal Where the signal transmitted from the satellite is blocked by a
attenuation rate (in decibels per second) are computed. Such man-made structure such as a building.
information is considered very useful in developing the mobile

system’s hand-off algorithm. Il. PROPAGATION MODEL
_Index Terms—Geometrical theory of diffraction, satellite mo- The geometry of the propagation model is illustrated in
bile communication. Fig. 1. A LEO satellite moving in a circular orbit above
the surface of the earth descends behind a row of buildings
I. INTRODUCTION of height 7, and width w,. A mobile antenna located at a

height /1,,, above the ground is at a distangg, away from

RECENTLY introduced satellite mot_n_le communlcat|pqhe building. The received signal at the mobile antenna is
systems make use of low-earth orbiting (LEO) satellitg stimated for satellite elevation angles @f < 6 < 180°.

[11 Therel are considerable differences bet""‘?e“ land MODYfe satellite transmission frequency is at 1.625 GHz. For
and satellite mobile systems, Qne of these dlfferencgs I'eStH?s analysis, the received signal strength is independent of
the approach used to characterize the pfOPag"’?“orP ENVIFONMAMR- mobile’s speed, since the building is assumed of infinite
For Iand;)tlaasre]zd_ shystemf], the base(j_stat:)oql dl's f'Xeg aanE Qtent in the direction of the mobile’s travel. Depending on

comparable height to the surrounding buildings. For e satellite elevation angl® different ray contributions can

satelite systems, the satellites are moving at lowaltitu &ach the mobile. The different regions are illustrated in Fig. 1.
around the surface of the earth providing continuous coverageryq ray contributions to the received signal were formulated
There are many propagation models published and verifi follows

by experiments for land-based systems. A review paper on this 0<6 < )
topic has recently been published by Bertehal. [2]. Similar < 6 < disa! _ _
propagation models for LEO satellite systems are limited to @ ground reflections and then second-order diffrac-

simple models and measurements [3], [4] and a combination tions;
of statistical and experimental models [5]. b) first- and second-order diffractions;
In this paper, the effect of blockage by buildings on the c) first- and second-order diffractions followed by re-
signal level from LEO satellite systems is examined using flections from the ground.
high-frequency ray-tracing methods. The analysis is performede ¢1sp < 6 < ¢rsp; terms a), b), and c) as above:
using the uniform theory of diffraction (UTD) with single and d) direct wave.

double diffractions included. Also included in the propagation drsp < 0 < 90°: terms a), b),
model are direct rays, reflected rays from the ground and build- -
ing, and higher order reflected—diffracted rays. The normalized
signal level (in decibels) versus satellite elevation angle and® 90° < @ < #rsBgma; terms b), c), d), and e) as above:

f) reflections from the ground followed by diffractions
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Fig. 1. Building blockage propagation model and different regions based Big. 2. Different contributions to the signal level at the mobile for angles
the satellite elevation angle. 0 <6 < 90°.

* ¢rsBbldg < 0 < PRSBhIdgmax; €MS b), €), d), €), f), The incident plane wave is evaluated at the first edgeas

and g) as above: follows:
h) building reflections. ‘ Y
* PrSBbldgmax < 6 < 180°; terms b), c), d), e), f), and El(w1) = Eoe™ %™ ()
h) as above:

. . . .
i) reflections from the ground followed by reerctionsThe Q|stancaol is related in te”‘.‘s of _Iocal coordinates and
from the building. the distance to the reference point using the geometry shown

In developing this propagation model, the following assumy'ar—] Fig. 2. This resits in the following expression:

tions were made. Ei(wl) _ Eoe—ji—g(p'—w,, cos ¢p—hy, sin ¢)
1) At the frequency of 1.625 GHz the building is assumed
perfectly conducting.
2) The roof of the building is assumed flat and the edges .
form 9C° corners. N a similar way
3) The electrical size of the building along the axis
is assumed large (ideally infinite in extent). This is

the direction that the mobile is traveling. Because (Hor satellite elevation angles greater thigggs there is a direct
the infinite extent assumption, there will be no signal gles g 58

variations in thez direction. Therefore, the received &Y contribution toward the mobile. The incident wave at the

signal at the mobile is independent of the mobile SpeeE)c?yobile with respect to the field at the reference point is given

which is assumed zero.
4) An omnidirectional antenna in the elevation plane is
assumed.

— E!(reference) ¢/ %o (e cos#thusing) (3

E' (ws) = E (reference) ¢’ % (0 5i9), (4)

E' (mobile) = E (reference) ¢’ %o [(wet#m) cos b sing]

: . . - (5)
5) _The_ f|9|ds radiated by t.he_ satellite transmitting antennaFor hard (vertical) polarization, the magnetic field is in
impinging upon the building are locally plane waves

. the = direction. The evaluation of the incident plane wave
Also, a locally flat earth surface is assumed. : L
for this polarization follows the same procedure as for soft
: polarization, except that the formulation is performed using
A. The Incident Waves the magnetic field. The expressions for thdirected incident
The first step in evaluating the diffracted fields toward thgiagnetic field at the reference point, the first edge the
mobile is to determine the incident field at the building edgegcond edgev,, and the mobile, respectively, are given by
w1 andws, respectively. The incident field at the two edges is
expressed in terms of the incident field at the reference poirtyi (reference)= Hoe %7 (6)
_For soft (horlz_ontal) polarization, the incident electric field is Hi(wi) = H' (reference) oI 35 (wy cos bty sin @) )
in the = direction. o o e
The expression for the incident plane wave for soft (hori- Hi(w,) = H! (reference) ¢/~ (" 50 ¢) 8)
zontal) polarization is H'(mobile)= H' (reference) o 35 [(wy @) cos bt by sin ]

¥

22w 7

E'(reference)= Ege "7 = Eqe %" . (1) (9)
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B. The Reflected Waves

For satellite elevation angles greater thagsp there is a
reflected wave from the ground to the mobile. An additional
contribution that represents diffractions first from the building
edges and then reflections from the ground was also included.

The reflected waves at the mobile for soft and hard polariza- ~ fx\ \\
tions, respectively, with respect to the field at the reference DR
point are I N y
E"(mobile) = E (reference) I'* (1)) o k}x\" N \T
e lwetam)coso—hnsing] (10 e
H’ (mobile)= Hé(reference) Fh(z/;) Fig. 3. Formulation of the diffracted waves from the building edges.
. Cji—’(;[(w;,-l—acm) cos ¢p—Iyy, sin ¢] (11)
\ _ _ o o where Ei (w;), the incident field at the diffraction point,,
I'=*(y) is the reflection coefficient and is given by [2] is given by (3). The UTD diffraction coefficients are given by
7
ik cosp — %\/cr—sian/) (6], 171
r (¢) = 1’ 5 (12) Ds,h /
cos® + -/ € —sin” (L, ¢, ¢',n)
—177/4
where1) is the incidence angle at the ground, measured with = — oo VAo
respect to the normal at the reflection point, i.e., -+ ¢ T+ (p—¢) L . )
T T F g (¢—¢")
V=g —b=¢-c. (13)
: ; oot ; —+cot M |2 “(p—¢")
For typical mobile communications environments, the follow- on
ing ground relative permittivity was used [2]: +(p+ ¢
90.0 :F{ ot{iﬂ (;)n d))}F[ A—g+(¢+¢’)}
6 = 15— j00_ (14) / "
- - L
1 (MH2) feot| LT (¢ +¢') Fl2r—g (¢p+¢)
2n )\0

where f is the frequency in megahertz. In (14)= 1 for soft
polarization andz = ¢, for hard polarization.

For satellite elevation angles greater thagg L there is
a reflected ray contribution from the building to the mobile,
Additional higher order contributions, as listed prewously
were also included. The building reflected waves at the mob] lle
for soft and hard polarization, respectively, are

(18)

where the minus sign between the curly brackets is used for
soft polarization and the plus sign for hard polarization. Also,
is the distance parameter, is the wedge indexn; =

= 1.5), and F[koLgT(¢ F ¢')] are the Fresnel transition
mtegrals. The Fresnel integrals and their arguments are well
E”(mobile)= E! (reference) (1) documented in [6], [7]. A numerical algorithm for evaluating
Fresnel integrals is provided in [8] and has been implemented

o 35 [(wy—@m) cos g4, sin ] (15) .
in the developed software analysis code (C language).
H’(mobile)= H;(reference) NI The first-order diffraction term from edge; is
. I3 (wy—21) €O Pt sin ] e _

(el . (16) Eg(pl) |w1 _ Eé(reference) 63277()\—8 cos z;5+])\—g sin qb)
If a highly conducting building is assumed (such as in our iRy
case), then the reflection coefficient for soft polarization is < D?(Ly, p1,¢7,m1) (29)
and for hard polarization it is 1. Alternatively, a reflection a

coefficient similar to the one used for lossy ground can Rgnerep®(L,, ¢y, ¢, n,) is calculated from (18). The distance
applied to account for the finite conductivity of the building.parameterz, is given by

C. The Diffracted Waves L= o’ (20)
!
Diffracted contributions to the received signal at the mobile pEe
antenna are represented by first- and second-order diffractigvitere p is the distance from the diffraction point to the
from the two edgesv; and w-, respectively. The first-order observation point, ang’ is the distance from the source
diffraction term for soft polarization from edge; of Fig. 3 point to the diffraction point. As shown in Fig. 3, for first-

is [6], [7] order diffractions fromw;, the source point is the satellite and
oikom ¢’ = p}, and the observation point is the mobile, thpss p;.
Epy) = Ei(wy) - D*(L, ¢y, ¢y, n1) - (17) Since the source distance is much greater than the observation
\/E distance(p’ > p) thenL; ~ p;
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Note that they/)g term in the diffraction coefficient of B Satellite orbit
(18) can be incorporated into the amplitude spreading factor.
This way all physical dimensions are converted into electrical
guantities. The second-order diffractions from edgeo edge
w; for soft polarization are equal to zero, becadse= 0 at
grazing incidence.

Similarly, for hard polarization the first-order diffraction
term from edgew; is

H(p1)l,,, = Hi(reference) o727 (3% con gt 5f sin)

& o 0
'DLL17(/)17¢7TL1 ’ . 21
1 m

For the second-order diffraction term from edge to w1, the
source point is the first edge ampd is the distance from the
first edge to the second edge, i.g.,= w,. The observation
point is the mobile angh = p;. This term can therefore be
expressed as

: jom (A& sin
H(01)|wpw, = H (reference) ¢’ (3% sin¢)

Earth surface

e—j?ﬁi—?)
1
- D™ (L2, ¢2, ¢/2’”2)|¢2=0 T —
VP2
pP2=wWp R =6366 km R, =4/3*R
—jom L
e 0 =780k
-D"(Lay, 1, </)/1a711)|¢;=0 : W (22) Ry "
Fig. 4. Geometry for converting the satellite’s angular speed reference from
where the center of the earth to the mobile.
Lo~ py = 23) . . . .
2 p2wbp1111b @3) interior angles of the triangle OAB, i.e.,
Lo = ot o (24) x
1
(v=B+e+(6+3) =m 27)

Multiple reflection—diffraction terms were included in the
model, with various terms being added in different regiorsimplifying and substituting the values ferand~, results in
as previously outlined. The procedure followed when multiple
reflection—diffraction terms are calculated is very similar to,, " R, 1 R, 4l

3 =6+ sin cosf| + cos —

the one outlined in the previous sections and, due to space R, + R, R, + R, 2"
limitations, the derivations will be omitted in this paper. As (28)
reported by Polkaet al. [9], terms higher than third-order are

usually not necessary for accurate computations. The time variation in seconds as a function of the the

elevation angle is given by
D. Satellite Elevation Angle versus Time

- p— Re,
A satellite in a circular orbit 780 km above the surface of t= <9 +sin™t {m cos 9}
the earth, completes an orbit around the earth in 110 min. Re ’ 110 % 60
The satellite’s angular speed with respect to the mobile is + cos™t [ﬁ} - g)T (29)

calculated based on the geometry illustrated in Fig. 4. Because
the rays from the satellite are assumed to propagate in straiﬁ}ﬁ
lines, an effective earth radius was used by multiplying tkhen
actual radius by 4/3, i.e R. = 8488 km [10]. The included
anglesy and e shown in Fig. 4 are given by

Erefore, the normalized signal level versus satellite elevation
gle was converted to normalized signal level versus time.
From these data the attenuation rate was calculated.

E. Attenuation Rate and Normalized Signal Level

The attenuation rate is determined based on the incremen-
) tal time A during which the normalized signal level is reduced
from 0 dB to —10 dB, and is defined as

v =cos™! [%} (25)

e=sin"?

R,
[m COSs 9:| . (26

The objective is to relate the satellite anglavith the satellite o = 10 dB/s (30)
elevation anglé at the mobile. This is done by adding all the A
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Fig. 5. One-story building in a residential area. Normalized signal levéiig. 7. Eight-story building in a moderate urban area. Normalized signal
versus satellite elevation angle for soft (horizontal) polarization. level versus satellite elevation angle for soft (horizontal) polarization.
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Fig. 6. One-story building in a residential area. Normalized signal lev&iig. 8. Eight-story building in a moderate urban area. Normalized signal
versus satellite elevation angle for hard (vertical) polarization. level versus satellite elevation angle for hard (vertical) polarization.

The normalized signal level is defined as imately —6 dB, as expected. As calculated by the developed

. E'tal(mobile) software code, once the satellite starts descending, it takes
S° = ‘ Eg‘(referenceJ (31)  about 37_.86 s for the signal tq go fro_m 0+dO0 dB, i.e., the
Htotal(mobile) attenuation rate for soft polarization is about 0.264 dB/s. For
Sh === )‘ (32) hard polarization, it takes about 46.49 s for the signal to go

H(reference from 0 to—10 dB, i.e., the attenuation rate is about 0.215 dB/s.

for soft and hard polarizations, respectively. Note that the attenuation rate for hard polarization is slightly
lower than for soft polarization.
[1l. COMPUTED RESULTS

A. Normalized Signal Level in a Residential Environment B. Normalized Signal Level in a Moderate Urban Environment

In a typical residential environment, buildings range from In a typical moderate urban environment, buildings range
one to two stories. Computations from one-story buildingsom 8 to 16 stories. In this case an eight-story building was
are presented. A height of 7 m and a width of 10 m faronsidered. The building height was 56 m and its width was
single-story buildings were used. The mobile was at a locati@® m, while the antenna was 3 m high and located 8 m away
10 m from the building and the antenna height was 3 rfrom the building. The normalized signal levels versus satellite
The normalized signal levels versus satellite elevation angievation angle for soft and hard polarizations, respectively,
and versus time were computed for horizontal and verticafe illustrated in Figs. 7 and 8.
polarizations. Figs. 5 and 6 illustrate typical normalized signal For this typical moderate urban environmefitg = 81.42°
levels for soft and hard polarizations, respectively, versus thad ¢rsp = 82.28° for both polarizations. The calculated
satellite elevation angle. signal strength was abovel0O dB for angles greater than

For both soft and hard polarizationg;sg = 21.80° and 80.59 for soft polarization and 79.31for hard polarization.
¢rss = 45.00° and the signal strength at 21°8@as approx- In this case, it took 3.63 s for the signal to droptd0 dB
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TABLE | TABLE 1l
RESIDENTIAL (HORIZONTAL POLARIZATION) MEAN RESIDENTIAL PARAMETERS
Stories [ by m [ 2, m | 035 [ Ohon [ #i0as [00as [ As [o dB/s 058 | Phsn | Pioan | 9ous | As | o dBJs
1 7 10 21.80 [ 45.00 | 19.60 | 25.65 | 37.86 | 0.264 22.90 [ 36.57 | 20.93 ] 26.00 [ 36.08 ] 0.359
1 7 20 11.31 [ 26.57 | 9.88 | 14.47 | 47.73 | 0.209
1 7 30 759 [ 1843 [6.30 |9.83 |45.03[0.222
2 14 10 47.72 [ 59.53 [ 45.47 [ 50.86 | 13.69 | 0.731 TABLE IV
2 1 20 28.81 | 40.36 | 26.91 | 31.82 [ 22.81 | 0.438 MODERATE URBAN (HORIZONTAL POLARIZATION)
2 14 30 20.14 | 29.54 | 18.88 | 22.83 | 26.80 | 0.373 Storieslhb mlxmm‘CﬁSB iécl)iSB|‘90—10dBi0€)dB IAS [adB/s
8 56 |8 81.42 [ 82.28 1 80.39 [ 82.90 [ 3.63 [ 2.753
8 56 12 T7.24 [ 78.50 | 76.49 | 81.96 | 8.72 | 1.147
TABLE i 8 56 |16 |73.20 | 74.83 | 71.95 | 74.40 | 4.08 | 2.455
RESIDENTIAL (VERTICAL POLARIZATION) 2
i ‘ 12 84 |8 84.36 [ 84.75 | 83.07 | 85.08 [ 3.13 [ 3.193
Stories | by m [ 2 m | ¢fsy | Shsy | Proas [ [As [a dBs 12 81 [12 [ 8157 |82.15 | 80.89 | 82.81 | 3.02 | 3.316
1 7 10 21.80 | 45.00 | 19.00 | 26.43 | 46.49 | 0.215 12 ]4 16 7883 [ 7958 | 78.92 18236 | 5.44 | 1.839
1 T 120 (113126571896 |14.34)57.52|0.174 16 112 |8 85.80 | 86.02 | 84.59 | 86.34 | 2.71 | 3.687
! 7|30 | 759 |1843 462 |10.18] 7342|0136 16 112 [12 [83.72 [ 84.04 | 82.64 | 84.40 | 2.74 | 3.648
2 14 10 A7.73 1 59.53 | 45.76 | 51.70 | 14.87 | 0.673 16 112 |16 81.65 | 82.08 | 81.06 | 82.74 | 2.65 | 3.778
2 14 |20 28.81 [ 40.36 | 27.22 | 31.52 | 20.12 | 0.497
2 14 30 20.14 | 29.54 | 18.50 | 22.34 | 26.59 | 0.376
TABLE V

MODERATE URBAN (VERTICAL POLARIZATION)
for soft polarization and 6.11 s for hard polarization, i.e., th&tories [k m | @, m | #55p | Poess | Caos | Voas | D s | dBJs

attenuation rates were 2.753 dB/s and 1.635 dB/s, respectively. 56 |8 81.42 [ 82.28 [ 79.31 [83.19[6.11 |1.635
8 56 | 12 77.24 | 7850 | 7544 | 78.31 | 4.64 | 2.154

C. Statistics in a Residential Environment 8 6 |16 73.20 | 7483 | 7198 | 7748 | 9.04 |1.106
12 84 |8 84.36 | 84.75 | 83.88 [ 95.16 | 17.49 [ 0.572

For residential environments, statistics were accumulated fap g4 |12 81.57 | 82.15 | 79.89 | 82.83 [ 4.62 |2.163
both one- and two-story buildings with the distance from the2 8 |16 78.83 | 79.58 | 76.88 | 79.50 | 4.20 | 2.382
mobile to the building ranging from 10 to 30 m in 10-m 16 12 |8 85.80 | 86.02 | 85.92 | 94.60 | 13.41 | 0.716
increments. Single-story buildings were assumed to be 79 112 J12 | 83.72 | 84.01 | 83.03 | 95.62 | 19.48 | 0.513
m high and two-story buildings 14-m high. The values of™ 12 116|510 %208 8021 | 8266385 [ 2600

the attenuation rate for horizontal polarization are shown in

Table | and those for vertical polarization in Table II. For the TABLE VI

results shown in Tables | and Il, the building width was 10 m MEAN MODERATE URBAN PARAMETERS
and the antenna height was 3 m.

The first column in the Tables | and Il, corresponds to
the number of stories in the building, the second column is
the building heighth, (in meters), and the third column the o )
distance from the mobile to the building, (in meters) ¢y O Statistics in a Moderate Urban Environment
is the minimum angle (in degrees) at which the direct signal For a moderate urban environment, statistics were accu-
from the satellite can be received by the mobile antenna amdilated for building heights 8 to 16 stories in four-story
¢rsp the minimum angle (in degrees) at which a reflectiomcrements. The distance from the mobile to the building
from the ground is also received by the mobile antegrRgs ranged from 8 to 16 m in 4-m increments. For these statistics
and¢rsg are shown in Fig. 1. Alsdf_1g0qp andéy g are the the building width was 20 m and the antenna height 3 m.
satellite elevation angles (in degrees) at which the receiv&tle results are shown in Tables IV and V for horizontal and
signal is—10 and 0 dB, respectivelyA is the elapsed time vertical polarizations, respectively.

(in seconds) for the signal to go from 0 610 dB, and« is The values ofpiss, ¢rs, O—_10aB, Goas, 4, and « in
the attenuation rate (in decibels per second). Tables IV and V were averaged to obtain mean values for

The values of the attenuation rate in Tables | and Il weraoderate urban environments, as shown in Table VI. The
averaged to obtain the mean attenuation rate for residentizan value of the attenuation rate was found to be 2.205 dB/s
environments, which is given in Table Il and was found to band, on average, the mobile antenna receives a direct satellite
0.359 dB/s. Further, the mean values¢gfg, ¢rse, 9_1048, Signal for elevation angles above 802&fd a reflected signal
foas, A, and « for residential environments are also listedor elevation angles above 815&urther, the average satellite
in Table Ill. As illustrated in Table Ill, on average the mobileslevation angle for which the normalized signal levelH&0
antenna receives a direct satellite signal for elevation angl# is 79.82, and the corresponding angle at which the
above 22.99, and a reflected signal from the ground fonormalized signal level is 0 dB and 8402
elevation angles above 3657he average satellite elevation Note that due to the nonlinear relationship between the
angle for which the normalized signal level is10 dB is satellite elevation angle and time and the fact that the attenu-
20.93 while the corresponding angle at which the normalizeation rate was calculated based on the 6-t© dB threshold
signal level is 0 dB is 26.00 values, a consistent trend in the values of the attenuation rate

Pisn ‘ Shss ‘ 0° 1048 l O ‘ As l o dB/s
80.86 | 81.58 | 79.82 | 84.02 | 6.63 | 2.205
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cannot be established. Thus, to explain each calculated value REFERENCES

of the tabulated attenuation rates, one has to examine eac . L
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