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Abstract - In this paper, a new propagation model based on UTD for multi-
ple diffraction paths in cellular mobile radio communications in urban envi-
ronments is proposed. Moreover, the most rigorous novel UTD-based ex-
pressions for multiple diffractions by buildings and excess path losses are d -
rived and analyzed. For this purpose, building rows are supposed to have
rectangular cross-sections with the same heights and spacings. In addition,
in this analysis actual electrical properties of buildings are regarded

Previous studies have been concentrated on the simplified models that ap-
proximated building rows as absorbing half-screens or perfectly conducting
half-screens (knife-edges) or 90 degrees wedges. In this work, buildings are
assumed flat-roofed parallel rows of dielectric blocks and their actual rela-

tive permittivity and conductivity are upplied

Keywords: Urban radio propagation, multiple building diffractions, excess
path loss, uniform theory of diffraction, land mobile radio cellular systems

buildings [1-10] Primary efforts were physical-
optics-based approaches which employed physical
optics theorem and followed a simple concept, but
were not adequately suitable for numerical calcu-
lations [1, 2]. Walfisch and Bertoni considered
that outside of high-rise urban core, a city’s
buildings are of nearly uniform heights and spac-
ings and are organized by street systems into
rows. They approximated the rows of buildings as
absorbing half-screens, so that radio wave propa-
gation was a process as multiple forward diffrac-
tions over half-screens [1]. Saunders and Bonar
gave an explicit solution to the Walfisch and

1- Introduction

Introducing a high quality service of cellular mo-
bile telephone and other relative radio facilities
has been known as an important objective for
modern telecommunication industries and many
researchers have dealt with it. Radio signal char-
acteristics force fundamental limits on the design
and performance of the cellular mobile communi-
cation systems. Particularly, in urban environ-
ments high density of buildings greatly influences
radio signal characteristics. Therefore, without
considering effects of buildings on radio wave

propagation in the urban environments, an accu-
rate prediction of path loss and coverage area will
not be accessible. If more rigorous model is used
for buildings, more precise prediction will be
available.

Many studies have been carried out for inve -
tigating radio wave propagation over multiple

Bertoni’s problem,where attenuation function was
derived in terms of special functions [3] and then
they extended their solution for buildings of ir-
regular heights and spacings [4, 5]. Neve and
Rowe solved the multiple diffractions over build-
ings for the first time using UTD-based propaga-
tion model |6]. Zhang simplified Neve and
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Figure 1 Radio wave propagation in presence of buildings

Rowe’s formulation [7] and developed it in-
cluding wide-band characteristics of the environ-
ment [8]. Juan-Llacer and Cardona produced a
new solution in terms of UTD diffraction coeffi-
cients [9] using a straightforward technique based
on the final solution for the attenuation function
for multiple edges given in [2]. Finally, Kara and
Yazgan have improved Zhang’s model by using
finitely conducting wedges of angle n/2 for mod-
eling building rows instead of perfectly conduct-
ing half-screens (knife-edges) [10]. Kara and
Yazgan’s initiative is very considerable, because
their model is very close to reality, at least in
some European countries like Turkey (Kara and
Yazgan’s country) that most of the buildings have
wedge-type roofs outside the high-rise urban core.
In the new model proposed in this paper, the
propagation environment has been assumed as in
previous works, except that cross-sections of
building rows are considered rectangular, as
shown in Figure 1. This assumption makes fun-
damental differences from traditional scenarios,
which suppose each building to contain only one
diffracting edge. In the new model, each building
has two diffracting edges, so that previously de-
rived expressions for multiple building diffraction
attenuation are not usable here. Therefore, a novel
expression for loss of multiple diffractions by
buildings based on the new model is derived.
Then, a new formulation for the received electric
field intensity at the mobile station located at the
local street level is derived and the excess path
loss is achieved using it. The results obtained
from the new model are compared with results of
the previous models and existing measurements.
Convincing improvements are attained.
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2 - Derivation

2.1 Multiple building diffraction attenua-
tion

The path loss contribution due to multiple diffrac-
tions by buildings is defined as

[ EH )

Ly =~20logg —J (1)
Ey

where E, is the transmitted field and E, is the re-
ceived electric field intensity at the reference point
with »n existing building rows. Reference point is
defined just on top of the last wall close to the
mobile station as in Figure 1. In order to predict
the multiple building diffraction loss, we have to
find out the received electric field intensity at the
reference point.

To do so, all rays launched from the transmit-
ter and arrived at the reference point are deter-
mined and each field intensity contribution is
evaluated. Then, all of the contributions are
summed up. Figure 2 shows all possible rays,
which can contribute to the received signals at the
reference point and mobile station.

Assuming #» building rows and according to the
mentioned reason and following a procedure
similar to [7], the received field normalized to the
transmitted field £y can be written as
E_(”) = sk[v(n-1)wleos{a) +De” kv (n=1)wcos(a)]
£
+ D2D3e-jk(m[(nul)ww]cos(u))

. [1 5 i Djf—l e jk{i—2}w[l—ms-(a]] J (2 )

i=3
+D,Dse” k(v (n-2)wecos(a))

=3

‘ (1 + i Dsfn2 o~ HHi=2)w1-cos{o)] J
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Reference Point

Figure 2 Illustration of all rays contributing to the received signal received signa

As we know:

n-1 1— n

Z - m = - (3 )

m=(

and applying some simplifications, we have

@ = 8_"”( [v-+(n- l]w-::m‘fu}] (D| + e — jkv[eos{o }—l])
E,
+ Dae - kw14 (n 2_}4'0.\'{11}}4-1-]

D, + Dyehleaste)-]) (4)

-1

)
L W )

where v is the width of the individual building
row, w is the spacing of the building rows, and a
is the incident plane wave’s angle with the hor -
zon (see Figures 1, 2).

We define D, as

] it T b1 1

Dy =D|p= - ' = Z‘L_V,B“—ZJ 7

(3)
where D(p, @2 L, By) is the diffraction coefficient
for a finitely conducting wedge of angle n2 and
I/4/v is the spreading factor [11]. Geometry de-
picting the single diffraction event and trajectory
of related ray corresponding 1o D, is shown in
Figure 3.

In order to evaluate the diffraction coefficient
for a finitely conducting wedge, we use Lueb-
bers’s heuristic coefficient, which includes a spe-
cial care for grazing incidence case [12]:

_J,'i
e 4

2::@;5;;([}0 )
| G, {w{m—) ]F(kLa “(p-9)

1 2n

& RUCO:’{ M}F(&La_ (p+ l.p'))—‘ (6)

|
\

! 2n -
+G, {('a*’{ M ]}-'(kLa : (‘9 -9 )J
_ 2n .
2n )

where G, and G, are the gain factors defined to
generalize the formulation to include the grazing
incidence case [12]:

1/(1+Ry)  9'=0, [1+Ry|>0
Gy = 172 0 =nm (7)
1 otherwise
[1/(1+R”) o'=nn |l+R,|>0
G,={ 1/2 ®'=0 (3)

1 otherwise

where R, and R, are the reflection coefficients for
proper polarization for the zero-face with incident
angle of p7and for the n-face with reflection angle
of nm-@, respectively.

The function F is the Fresnel transition function

[11]:
F(x)= 2_;'\/;€j'1 ‘U'Te_j i (9)
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Reference Point
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Figure 3 Geometry depicting single diffraction
event and trajectory of related ray corresponding to
D,
and L is the distance parameter:
pi sz i3
5§ sin
e ss sin”Bo

(10)

s+5
also

a*(ﬂ)=2cos2(M2~‘—9} B=g+g' (I1)

where N' and N~ are the integers, which most
closely satisfy the equations:

2nn- Nt —B=n
Inm- N —B=-n

Referring to Figures 4 and 5 and following the
same rationale, D, and D; are written as

D2:D(tp:ﬂ.cp’za,};:w—v.ﬁn:E]-—l—
2) Adw-v
(12)
In s v(w—v) m) 1
Dy=Dlo=—,0'== 1= B o g
3 ((P 2 ¢ 3 " By 2] .

A —
v W

Figure 4 As Figure 3 for D,

Moreover, Dy is defined as

(15)

D, :D((p:n,(p':(),L:M.Bg :g] (16)
W

1 &b, éD,
2jkv 6" O
diffraction coefficient by two consecutive wedges

In fact, D, D, — is the double

of angle n2 (See I'igure 6), also D, and D are the
first-order diffraction coefficients of the first and
second wedges, respectively. Incident field to the

(13) second wedge (diffracted from the first wedge)

First Diffracting Wedge

Second Diffracting Wedge
Diffracting Wedge ’

“‘ v W ;
Figure 5 As Figuore 3 for D, Figure 6 Geometry depicting double diffraction
event and trajectory of related ray corresponding to

D,
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Second Diffracting Wedge
First Diffracting Wedge
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Figure 7 As Figure 6 for Ds

arrives at grazing incidence (9?=0), so slope dif-
fraction component must be taken into account
1 @b, oD,

[12, 13]. Namely, the term —
2jkv Op' o

rep-

resents the slope diffraction contribution to the
double diffraction event [12, 13].

To clarify the discussion, we assume that the field
incident on the first wedge has a slow spatial
variation. Ience, we can provide the expression
for the doubly diffracted field in a generalized
form as

Eff =ES =E[D_ A(s" v)}e ™ (17)

for the field diffracted by the first wedge and inci-
dent on the second edge, and

d
E; =

. oD, OE) ks
PINLEL - PR
2jk 69" du,
(18)
for the field diffracted by the second wedge that
can be simplified using

oE; 0N —jky OD 1) .
~*=Emhmk“——iL—J (19)
Gty ép \ —v,

as

EY =DELA(s' v)A(s, 5" 1-‘)0_"'{"(”") (20)

Hence, 1/4/vand 1//w—v in (14) are the spread-
ing factors for diffraction events taken place at the
first and second wedges ( A(s"v)and,¢ A(s,s"v)
respectively (see Figure 6).

In a similar manner, Ds is given by

\\3}23 TD{Z'(S._ 3 H«"?.."Y
o'=c

a

;?b

Figure 8 Geometry depicting single diffraction
events and trajectories of related rays corresponding

to Dy
1 éD,; aD, 1 1
mpﬁzmwaJﬂww
1)
where
B 3n , m 1-'(1-1-'— 1-') T
(22)
[ , y0) n]
Dy =D ¢=m¢'=0,L= Bo==
W 2
(23)

That is, Ds is defined similar to D, with only a
difference at the incident ray to the first wedge
launched from last caustic point (see Figure 7).
Geometries depicting single or double diffraction
events and trajectories of related rays corre-
sponding to each D, to Ds are shown in Figures 4
to 7.

2.2 - Path loss prediction

The path loss is the summation of the excess and
free space path losses. The free space path loss is
well known and easy to evaluate, also the excess
path loss can be calculated by adding the multiple
building diffraction loss Ly, to the local building
diffraction loss.

In this paper. we prefer to derive a separate ex-
pression for the excess path loss instead of adding
two abovementioned losses. Since, we found out
that predicting the local building diffraction loss
in a separate process will not conclude a very pre-
cise prediction of the excess path loss. In doing
so, the received electric field intensity at the mo-
bile station location is found, and then the excess
path loss is determined due to the received field’s
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Figure 9 Geometry depicting double diffraction
events and trajectories of related rays corresponding
o D'p

In our scenario shown in Figure 1, the received
electric field intensity at the mobile station can be
evaluated in a manner similar to previous subsec-
tion. In fact, propagation process for the arrived
rays atthe mobile station is similar to those arrive
at the reference point, except suffering an extra
diffraction event from the reference point toward
the mobile station at the local street level. Add -
tionally, opposite building row can cause reflected
rays reaching to the mobile station. Thus, the
normalized received field at the mobile station is
achieved as

E® — i [t (n— Jw-cos (o = fhv|ensio )
Efrr):e,m[ (el (p, 4 pgiblenstel )

+ Dge™ Jk(wli+(n=2)cos(a)]sv)

-(D4 N D_Ze—jh'[m.v(a)~l])
= (Dse-'jklv[l-m.\'{u)] yl_l

) 1- Dse—jkw[l—vms(a)l_

(24)
where Dg to Dy are expressed as
3
Dy :D[‘P= —R—S-l[":ﬂ-f-:di-ﬂo *"'E]
2 2
! e‘J'Mt
d,

b
+D[{p=——y p'=o,L=d,y,By _EJ
= R(Y)

Ja,
(25)
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Figure 10 As Figure 9 for Iy

GD aD,
[0, 22

2jkv 89’ O
1 1k,
c—_ e “Rly
5T (v)
(26)
éD ;
DSZ[D;‘DJ; 1 D) 1 1 g,
i o0’ 00 ) b5 Jd
1 @D, 8DJ,
+ DgD, —
2jkv op' do
L ()
Vv \d,
(27)
where
am i
DezD[(pZY,m =a+—,L=vp, 5) (28)

(29)

3
D.‘=D[(P=7n—5¢ 0,L=d, ﬁo—;] (30)

3n " s
D, =D((p=?—y.(p =0,L=d,,B, =—2-J (31)

Geometries depicting single or double diffraction
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Figure 11 The normalized total electric field intensity at the reference point versus number of building rows
for both vertically and horizontally polarized electric fields. Here, /922 MHz, w =504, v=28%, £,=5.5, and

o=0.023 S/m

events and trajectories of related rays corre-
sponding to each D; to Dg are shown in Figures 8
to 10; also, the parameters d), 5. 8, and y are
shown in these Figures.

Moreover, l/\/z and l.f‘/z arc the spreading

factors for diffracted rays from the reference point
toward the mobile station; 1/\[5 is for the direct
ray and 1/,/d, is for the ray reflected from the
opposite building row.

Second terms of D, to Dg are multiplied by R(7),

which is the reflection coefficient of the reflecting
wall for proper polarization.

It is evident that the definition of Dy is similar to
D with only a difference at incident ray to the
first wedge launched from last caustic point (see
Figure 10).

The excess path loss is given by

EJ’?F
L peess =—20logyy —En (32)
0

where E,’ and E, represent the received field at

the mobile station with #» existing building rows
and the transmitted field, respectively.

3 - Results and discussion

The normalized total electric field intensity at the
reference point versus number of existing building
rows # is shown in Figure 11 for /=922 MHz,
w=50A, v=28%, £=5.5, and c=0.023 S/m for both
vertically and horizontally polarized electric
fields. Applied relative permittivity and conduc-
tivity for the diffracting and reflecting building
facades in the simulation are very close to the ac-
tual electrical properties of the typical urban
buildings [13, 14]. In Figure 11, the angle of inci-
dence o is a parameter. Moreover, the solid and
dashed lines are for the vertically and horizontally
polarized fields, respectively. It is expected that
|E(n)/Eq| is settled in a fixed value of less than |
for «? 3.2°(6, 7]. Specifically, it depends less on
the polarization. Moreover, it can happen that
|E(m)/ Eg[>1 at o>4.2°. It can be understood there is
a critical angle between 3.2°and 4.2°. This con-
firms results of the previous studies [6].

We do not consider the case of a<0,
which implies that the base station transmitting
antenna is erected below the building rooftop
levels. This is not the case of interest
amplitude.
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Multiple Building Diffraction Loss (dB)
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Figure 12 The settled multiple building diffraction loss versus the angle of incidence predicted by the new
model and the traditional multiple knife-edges model [7]. Here /=922 MHz, w=35 m,»=21m, £=5.5, and

o=0.023 S/m

in this paper. Since, in this situation, the promi-
nent process of propagation is not the multiple
diffractions over the building rooftops. On the
contrary, reflections and diffractions from lat-
eral building facades and corners are the most
contributing phenomena at the propagation
when a<0°,

Consecutive diffractions reduce the trans-
mitted field by a ray abruptly. That is why,
rays that suffer several diffraction events are
not able to contribute to the received field
significantly. The implication of this factis
that the multiple building diffraction loss will
be saturated when the number of building
rows exceeds a certain quantity. Of course,
we take into account all possible rooftop mul-
tiple diffractions in our model.

In Figure 12, the settled multiple building dif-
fraction loss (for a large number of building rows)
is plotted versus « using both the new model and
the traditional multiple knife-edges model [7].
Here, /=922 MHz, w=35 m, and v=21 m. It should
be pointed out that although Kara and Yazgan
[10] have introduced a more realistic model as
compared to the multiple knife-edges model, their

AR WAL /N PP PC TPy Ny u;}s\& ewgo § O ®

model predicts the multiple building diffraction
loss not very different from Zhang’s one [7].

As observed in Figure 12, when the angle
of incidence o increases, buildings occlude
the radiated fields less and this is the case that
diffracted rays from building rooftops can be
aggregated constructively, Hence, it is pr -
sumablc to have negative multiple building
diffraction loss with such values of o greater
than 3°.

The excess path loss is drawn versus a in Fig-
ure 13, for /922 MHz, w=35m, v=21 m, d=4.5
m, A=12 m, and /,=3 m. As shown in Figure 1, d
is the distance between the mobile station and the
last diffracting wall; also A, and A, are the mean
height of the buildings and the mobile station
height. Figure 13, includes predictions by Zhang’s
model [7] for the same values of parameters, too.
It is noteworthy that Kara and Yazgan [10] have
applied Zhang’s approximate expression for the
local building diffraction loss [8]. Therefore, since
their model predicts the same multiple building
diffraction loss as Zhang’s one, the excess path
loss predicted by their model will be the same as
Zhang's one too.

Comparing the two different sorts of the results
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Excess Path Loss (dB)

. Improved UTD

A Multiple Knife-Edges Model | 7]

Figure 13 The excess path loss versus o predicted by the new model and the multiple knife-edges model [7].
Here, /<922 MHz, w=35 m, v=21 m, £=5.5, 6=0.023 S/m, ¢=4.5 m, ;=12 m, and /1,3 m
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cess Path Loss (dB)
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Figure 14

The excess path loss versus o predicted by the new model and a physical-optics-based model of

Walfisch and Bertoni guoted there in along with Okumura’s measurements [1] for /922 MHz, w=40 m, v=25 m,

£=5.5, 0=0.023 S/m, =5 m, ;=15 m, and /1,=1.8§ m

shows that the new improved UTD-based model
provides predictions that are more acceptable. As
we can observe in Figure 13, more rational and
explainable predictions are available using the
new proposed model. For instance, there is a pe -
simistic rising deviation in the predicted excess

path loss curve by Zhang's model [7] at «>2.7°,
whereas new model’s predictions do not possess
such erroncous behavior.

The excess path loss versus a predicted by the
new model and the physical-optics-based model
of Walfisch and Bertoni [1] is shown in Figure 14
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for /922 MHz, w=40 m, v=25 m, &=5 m, h=15
m, and h,=1.8 m. Additionally, some measured
data treated by Okumura [1] are compared in Fig-
ure 4.

Examining Figure 14, one can conclude that
the new model’s predictions excellently fit the
measurement data. Moreover, it makes evident
how considering building rows as absorbing half-
screens (Walfisch and Bertoni [1]) can cause er-
rors of prediction.

All of these improvements can be explained
due to using more realistic model for buildings
and taking into account slope diffraction, which is
a higher-order term of diffraction. As well, con-
sidering building rows as dielectric blocks with
relative permittivity and conductivity equal to the
mean actual relative permittivity and conductivity
of the typical urban buildings is more appropriate
than considering as absorbing half-screens or per-
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fectly conducting half-screens.

4 - Conclusion

A UTD-based propagation model for predicting
path loss in urban cellular mobile environments
has been developed. This new model provides the
novel rigorous expressions for the multiple dif-
fractions by buildings and excess path losses.
which make available more precise prediction for
the path loss in urban mobile environments.
Moreover, the new expressions are so appropriate
for numerical calculation. Conclusively, this new
model can be used for predicting the path loss,
coverage area, intercellular interference, and other
propagation characteristics for cellular mobile
radio communication systems in urban, suburban,
and rural environments.
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