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Microcellular Propagation Prediction Model Based
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Abstract—A new propagation prediction model, suitable for an
antenna placed below rooftop level in an urban environment is pre-
sented. It is shown that the contribution of various arriving rays
at a specific location can be well approximated by a set of geo-
metric progressions. Each progression is associated with a source.
Then, estimation is delivered as soon as the leading term and the
ratio have been computed. The ratio reflects the significance of
secondary ray-paths. It depends on the geometry and the electro-
magnetic properties of the materials within the “street canyon.”
In contrast to typical semi-deterministic approaches, detailed in-
formation on the power, the time of arrival and the angle of ar-
rival of all significant components is delivered. Consequently, wide-
band characterization of the environment is accomplished at short
running-time. High accuracy is experimentally verified in a typical
urban configuration.

Index Terms—Diffraction, propagation modeling, radiocov-
erage, ray tracing, uniform theory of diffraction (UTD), urban
areas.

I. INTRODUCTION

AMONG the key problems in the design and planning
phases of modern microcellular networks are accurate

path loss prediction and proper characterization of the impact
of scattering effects on the system’s performance. Propaga-
tion prediction models are used to help designers. They can
be distinguished in three main categories [1]–[3]: empirical,
semi-deterministic and deterministic ones.

Empirical models [4] have a limited range of application, as
they are based on measurements and not directly on the associ-
ated physical phenomena.

On the other hand, deterministic models, [5], [6], based
on ray-theory and the uniform theory of diffraction (UTD),
[7], [8], have been proven exceptionally accurate [9], at the
expense of high-complexity and large running-time. A tradeoff
between running-time and accuracy can be accomplished by
implementing progressive strategies [10], [11].

In between, lay semi-deterministic models. Fast prediction
is delivered after gathering some characteristics of the environ-
ment. This property places them on top of the list for radio plan-
ning, cell design, and system optimization.

Numerous models have been developed for the specific case
of a transmitting antenna placed above or at the average rooftop
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level [12]–[15]. Others have been introduced for an antenna
placed below rooftop level, to account for the related propaga-
tion mechanisms [4], [16]–[18] (lateral instead of vertical prop-
agation [13]). For the sake of simplicity and short running time,
their philosophy focuses on identifying and calculating the con-
tribution of a dominant path. However, thorough analysis and
measurements have shown that the narrowband power level is
determined by the superposition of several components in the
“street canyon” [9], [19]. Therefore, so far, such approaches,
[16], [17], are limited in a rough estimation of path loss and
deliver no information on the wideband characteristics of the
channel. In addition, in [17], a constant reflection coefficient is
assumed throughout the area of interest, while in [16] the effects
of different materials are not included in the calculations. Both
assumptions may lead to large errors, as shown in [9].

We propose a new two dimensional propagation prediction
model for an antenna placed below rooftop level that bridges the
gap between deterministic and semi-deterministic approaches,
and combines their advantages. High accuracy is accomplished
by considering the buildings’ arrangement in the area of in-
terest, the location of the receiver therein, the electromagnetic
(EM) properties of the materials involved, the different possible
mechanisms that link the receiver with the transmitter (diffrac-
tion and multiple reflections) and the possible existence of fo-
liage that may strongly influence the propagating EM wave. We
shall show that the contribution of various arriving components
at a specific location can be approximated by a set of geometric
progressions with ratios . Each progression is associated
with a source; either main (transmitter) or secondary (through
diffraction). Then, calculation of all propagation related char-
acteristics can be accomplished by specifying the leading term
of each sequence and the corresponding ratio. High accuracy
and wideband characterization of the specific environment is
accomplished in a short running-time (comparable to [16] and
[17]). Compared to a deterministic ray-tracing model signifi-
cant time is saved by avoiding the exhaustive search of all mul-
tiply reflected rays in the propagation area. Additionally, we
show that the geometric progression’s ratio associated with a
specific location, depends on the geometry and the materials of
the surrounding environment, and thus represents a new mea-
sure for the characterization of the scattering behavior of the
environment.

The proposed formulation is introduced in Section II for a
line of sight (LOS) case, where side streets are not considered.
In Section III, the model is extended for a non line of sight
(NLOS) situation. The effects of side streets on the propagating
EM wave are analyzed and included in the proposed formulation
in Section IV. The implementation of the model in a ray-tracing
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tool, experimental results and important properties are presented
in Section V and finally we conclude in Section VI.

II. LINE OF SIGHT ANALYSIS

Low elevated antennas are typically used to serve the in-
creased load that is generated at dense urban areas during
the “busy hours.” In such cases of high-traffic conditions,
the ground reflected ray is obstructed by parked and moving
vehicles, other “street furniture” (e.g., covered bus stops) and
pedestrians. As a result it reaches the receiver greatly attenuated
and can be excluded from calculations.

Let us consider a straight street of width , with a transmitter
placed on one side of it and the receiver at the center at a dis-
tance along the -axis, as shown in Fig. 1. Both antennas are
considered at the same height. Similarly to [16] and [17], we as-
sume that the buildings’ facades are flat, smooth and infinitely
high, and the ground-reflected ray is neglected. Rays arrive at
the receiver having traveled different paths, after being multiply
reflected at both sides of the canyon. The phases of successive
arriving components can be safely considered uncorrelated, as
long as the difference between the distances traveled by any two
rays is greater than the wavelength of operation . The range for
which this assumption is valid depends on the width of the street
and the distance from the source. It can be easily proven that the
minimum difference is the one between the direct and the singly
reflected ray. Hence

(1)

where is the distance traveled by the th ray and . For
a typical 20-m width street and 2 GHz frequency of operation,
phases remain uncorrelated for more than 2.5 km. Besides, for
such greater distances other wave-guiding phenomena, due to
the facades of the surrounding buildings, ought to be included
[20]. In such cases, the average power (in Watts) at the re-
ceiver is proportional to the sum of the squares of the elec-
tric-field components (similar conclusion can be found in
[21]). Therefore

(2)

where is the free space impedance and is the gain of
component , due to the receiving antenna. For longer distances,
where (1) becomes invalid, the exact phase-sum should be cal-
culated [21].

In (2), is proportional to the square root of the gain of the

transmitting antenna . At greater distances, the an-
gles of arrival of the multiply reflected rays at the receiver do
not differ significantly from that of the direct ray (Fig. 1).
Similarly, the angles of departure of the above rays from
the source are also close to that of the direct ray . Therefore,
in most cases, the gains , of the multiply re-
flected components may be substituted by those of the direct ray

, respectively. Without loss of generality, we assume

Fig. 1. Representation of the LOS configuration.

that the electric field is linearly polarized along a line perpendic-
ular to the ground. After some simplifications, (2) can be written
as

(3)
where is the transmitted power (in Watt) and is the cor-
responding reflection coefficient for perpendicular polarization
that depends only on the angle of incidence. In (3), for , we
calculate the contribution of the direct ray, while greater values
of correspond the th reflected ray. Had the electric field com-
ponent that is polarized parallel to the ground been considered, a
similar series would have been constructed with and the
constant terms and the corresponding reflection coefficient
for the parallel polarization. In (3), each subsequent term has
traveled a longer path ( ) and suffered an additional reflection,
as depicted in the increasing exponent of the reflection coeffi-
cient. Equation (3) can be written as

(4)
The ratio among any two successive terms and ( )

is then given by

(5)

The ratio among any two consecutive terms is not constant,
but depends on the slope of the magnitude of the reflection co-
efficient and the distance depending term. No safe estimation of
a single ratio can be deduced. However, in (4), we have suc-
ceeded to express the multiply reflected field at any point of a
street, as the product of a simple term that depends on the width
of the specific street and a sum that depends on the EM proper-
ties of the surrounding environment and on . The sum depends
on the position of the receiver and the street’s width through

. For different streets with different widths but with
identical materials, this sum reaches the same value at distances

. This important property will be analyzed and ex-
ploited in the following paragraphs.
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Fig. 2. Comparison between the exact and the estimated power profile of the
arriving components with respect to the time of arrival of the direct term.

Finally, we wish to approximate (4) with a geometric series.
We seek for a suitable ratio , so that the resulting sum is
the same and the 1st term is given by the power of the LOS ray

:

(6)

In (6), we have assumed 1) an infinite number of contributing
terms and 2) that . The 1st assumption is valid
for the scenario of Fig. 1, where side streets are not taken
into consideration. Side street contribution will be analyzed in
Section IV. The validity of the 2nd assumption can be easily
verified by inspecting (3), since each higher order term has
traveled a greater path and suffered an additional reflection
with magnitude .

As pointed out earlier, the sum in (4) depends only on the
EM properties of the walls in the canyon. Hence, in a prepro-
cessing phase, it could be easily calculated for several values
of . For these values an can be assigned by applying
(6). Then, during the prediction process for random values of

, a linear interpolation is assumed for and (6) is again
invoked. As it will be shown in Section V, it is advantageous
to calculate since it carries information about the ma-
terial of the walls and the position of the receiver with respect
to the transmitter, therefore acting as a characteristic property
of the propagation area. Additionally, the analysis so far will be
proven useful also for the NLOS case.

A comparison between the exact and the approximated com-
ponents for and , 50 is presented in Fig. 2.

is given by . The time of arrival of dif-
ferent terms is measured with respect to the direct term. Only the
components that changed the total received power by more than
0.1 dB are included in the graphs. Notice that the 1st 4 terms
dominate in the 1st case, whereas a total of 8 terms have to be
included in the 2nd case, because at greater distances the reflec-
tion coefficient of higher order terms is greater and the variation
of the distance-depending term is smaller. This remark is par-
ticularly important, since it reveals that the number of important
terms is directly associated with the materials and the geometry

Fig. 3. Representation of the NLOS configuration.

of the environment and that no general rule can safely describe
a specific environment [9].

The terms of the proposed geometric progression tend to
slightly underestimate the contribution of the initial compo-
nents (after the direct one), and to overestimate the latter,
resulting in a balanced total contribution. This behavior was
expected, since the geometric progression approximates the
exact variation of the reflection coefficient in (4) (reflections
of higher order occur at greater angles , resulting in smaller
magnitude). The average absolute difference between the actual
component and the approximated one is kept small for both
cases (0.7 dB). The estimation of the average received power is
accurate, as defined by (6).

The presented description of the arriving rays carries addi-
tional information, compared to classic semi-deterministic path-
loss only models, which is crucial for the analysis of the effects
of multipath for several site-specific applications (antenna de-
sign, multiple input multiple output systems, modulation and
coding evaluation etc.). The magnitude , the time of arrival
and the angle of arrival of successive components , are sum-
marized in the following set of equations:

(7)

where is the speed of light.

III. NON LINE OF SIGHT ANALYSIS

Let us consider the typical configuration, shown in Fig. 3.
Different rays reach the receiver either after being multiply re-
flected at the vertical walls of the canyon, or after being ini-
tially diffracted at the vertical walls of the cross junction and
then multiply reflected at the facades of the side street (DR).
The contribution of the latter becomes dominant after the im-
mediate vicinity of the cross junction [1], [9], [18], [20]–[23].
In the following analysis only these rays will be considered.
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Adopting a similar approach with the one already presented
for the LOS case the DR average power due to a wedge in the
side street is given by

where

and

(8)

In (8), is the incident power at the vertical wedge, is
the distance depending term, is the heuristic diffraction
coefficient [8], corresponding to the th reflected ray, is the
distance traveled from the source to the wedge, is the dis-
tance traveled after the diffraction, from the wedge to the re-
ceiver, and .

Compared with (4) a new variable has been added. More-
over, the diffraction coefficient depends on the interior
wedge angle and the material. If a similar procedure to that for
the LOS case was followed, exhaustive preprocessing would be
required to account for the variation of the above parameters.
However, it is desirable to keep the complexity of the final ap-
proach low.

Let us consider the function , . As
demonstrated in Fig. 3, in all typical urban geometries, diffrac-
tion occurs away from the two shadow boundaries. The validity
of this assumption grows at increasing distance from the cross
junction. In the appendix , it is shown that when diffraction oc-
curs away from the two shadow boundaries and the magnitude
of the diffraction coefficient is different than 0, then the deriva-
tive of with respect to approaches 0

(9)
where is constant for each receiver’s position. Hence can
be specified by calculating (diffracted ray) and (dif-
fracted-reflected ray) for each receiver’s position.

Following a similar procedure to that of Section II, the re-
flection-coefficient terms in (8) can also be approximated with
a suitable geometric progression in a preprocessing phase for
several values of . In such a case, the power of the th arriving
ray will be given by

(10)

where and are the corresponding geometric-progressions’
ratios and is the power of the singly diffracted ray. Notice
the analogy between (10) and (7). In a similar approach, time
of arrival and angle of arrival information is also delivered (in
relation to (7), the angles are measured with respect to the incli-
nation of the street and an additional delay must be included to
express the distance traveled from the source to the wedge). The

total average power can be estimated by the resulting geometric
series

(11)

The performance of the proposed approximation, compared
to the exact calculation of all diffracted multiply reflected paths,
is assessed in the following example. For wedge 1, shown in
Fig. 3, we consider (90 interior angle), and and
varying from 1 to 50 at unit steps. For each receiver’s position,
we specify by calculating and , while is
calculated for several values of . We also calculate

, where is the exact average power received at
each position given in (8). The following statistics are gathered.

• the prediction error in dB defined as

;
• the standard deviation of ;
• the error , defined as ;
• the standard deviation of .

We have found that and only for
(inside the shadow region). Outside this small region, the av-
erage prediction error , ,
and . Therefore, under the proposed scheme, very
good accuracy is achieved practically everywhere, except of the
transition region.

The procedure shown in this section can be directly repeated
for higher order of diffraction (double diffraction etc.) by re-
placing in (8) with the incident power at the th wedge.

IV. CONSIDERATION OF SIDE-STREETS

In the analysis so far, we have shown that the th arriving
ray from a main or a secondary source can be well approxi-
mated by a term in the form ( ), where denotes
the number of reflections that the ray has suffered in the street,
where both the source and the receiver are located (referred to
as receiver’s street from now on). When side streets are consid-
ered between the receiver and the source, some rays never reach
the receiver. By introducing an indicator function , this can
be expressed as

where

if all reflections occured
else.

(12)

We wish to associate with each order of reflection a suitable
probability, describing whether this path exists. A reflection is to
be included in the calculations if and only if the point of reflec-
tion lies on the surface of a surrounding building, as shown in
Fig. 4. Assuming that we have no knowledge of the arrangement
of the buildings around the receiver’s street, the probability that
a reflection actually occurred is given by

(13)
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Fig. 4. Some paths never reach the receiver, when considering side streets.

where is the total length of the buildings’ facades at the re-
ceiver’s street and is the total width of the side streets. Both
parameters can be easily specified for each street. Furthermore,
we could assume that the occurrence of each successive reflec-
tion is independent from the previous one; the validity of which
is strengthened by the fact that successive reflections occur at
opposite sides of the receiver’s street. In such a case the proba-
bility that reflections occurred is given by

(14)

Now equals 1 with probability . Notice that
, since the direct path always exists. In such a case

the average received power at each position is given as

(15)
We have managed to associate a probability with each ray-

path that depends on the specific characteristics of the environ-
ment. For streets with sparsely arranged buildings, the multiply
reflected components are not expected to contribute much in the
total received power. Indeed, this is depicted in (13), where is
expected to be small compared to , and then in (15).

Equations (12) and (14) complement (7) and (10) to provide
site-specific statistical outputs such as coverage probability,
outage probability, statistics of fading, etc., taking into account
the fact that part of the energy is guided into side streets, by
assigning a suitable probability. Even more, by varying the
parameter from 1 to 0, one can analyze extreme behaviors
encountered in the urban canyon from perfect wave-guiding
to negligible reflection-contribution, respectively, as will be
shown in the following section.

V. DISCUSSION-NUMERICAL EXAMPLES

A. Application of the Proposed Approximation in a
Ray-Tracing Tool

The implementation of the proposed propagation-prediction
model can be accomplished by adopting the following eight
steps. Altogether, as in [16] and [17], we need to determine the
direct path (LOS or through diffraction) and the width of the
street where the receiver is located at.

The first three steps are to be taken in a preprocessing
phase, since they are associated only with the properties of the
environment.

Step 1) Construction of the visibility relations between all
wedges of the study area.

Step 2) Calculation and storage of in (6) and in
(10) for each different material in the study area.

Step 3) Calculation and storage of and the average width
of each street in the study area.

When a transmitter is placed in the study area and the re-
ceivers’ positions are specified, the following steps complete the
process.

Step 4) Calculation of the wedges that are directly illuminated
by the transmitter (completes the visibility tree of step 1).

For each receiver:

Step 5) Calculation of all sources (transmitter or wedges) that
unobstructively illuminate it.

Step 6) From the visibility tree constructed in steps 1 and 4,
all direct contributions (without reflections) from these sources
are calculated and stored at decreasing received signal strength
order.

Step 7) Calculation of in (10) only for the direct
contributions that are within a user-defined range from the
strongest one (10–15 dB is considered sufficient).

Step 8) Calculation of in (15) [all necessary ratios are
specified in steps (2), (3) and (7)].

Before execution no knowledge for the location of the re-
ceiver with respect to the shadow boundaries (SBs) is available.
Therefore, UTD needs to be implemented in step 7, to avoid the
singularities introduced at the SBs by the GTD. Within a tran-
sition region, around a SB, could be such that , given in
(10), could become greater than 1. In such a case, is set to
0; yet, the direct contribution is accurately calculated through
UTD and included in the calculations. An alternative approach
that could be implemented is to control whether the receiver lies
within the transition region and to calculate only the direct con-
tribution if it does (a safe criterion is to control whether the argu-
ment of the Fresnel transition function of the UTD formulation
is smaller than 10).

B. Experimental Results

We compare the estimations of the average power ob-
tained by the proposed model with those acquired by imple-
menting the analytical formulas presented in [17], , and
with measurements carried out along the NLOS path B-C of
the typical urban configuration shown in Fig. 5 (Thessaloniki,
Greece). A 2 GHz carrier was transmitted at 27.5 dBm by an an-
tenna with 7.5 dBi gain, manufactured by Huber-Suhner (model
1319.26.0024). The antenna was placed on a mast at 6 m height
in front of a building at Svolou str. The receiving antenna was
a dipole, fixed on top of a vehicle at 4 m height from the
ground. The bandwidth of the measurement system is 100 kHz.
The receiver moves from LOS to NLOS conditions along path
A-B-C for a distance of and respec-
tively. The path is surrounded by eight story buildings. There-
fore, the receiving and transmitting antennas can be considered
well below rooftop level. The normalized (13) for Svolou str.
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Fig. 5. Map of the simulation streets.

Fig. 6. Estimated received power for path AB (LOS), shown in Fig. 5.

and Ethnikis Aminis str. are 0.75 and 0.86, respectively. For the
facades, we have assumed , [2].

For the part of the route where LOS conditions are satisfied
(A-B), we also calculate the direct only contribution , the
estimated power , as given by (6), ignoring the side
streets and the average power by calculating the contribu-
tion of the LOS ray and all multiply-reflected rays implementing
a deterministic ray-tracing model. The results for this compar-
ison are demonstrated in Fig. 6. The proposed approximation
predicts satisfactorily . As expected, and
represent the lower and the upper boundary of the variation of
the average predicted power, respectively. The criterion set in
(13)–(15) specifies adequately the variation of the estimated av-
erage received power with respect to the above two limits. In the
geometry of Fig. 5, is large; hence is closer to .
For a street with sparsely arranged buildings both and
would be closer to . matches the curve, be-
cause the authors in [17] attempt to specify and calculate the
contribution of the single dominant path, which is the LOS ray in
this case. As a consequence, at greater distances, where the mul-
tiply reflected rays become significant, suffers from large
errors. This property is also verified through measurements that
are presented in Fig. 7.

The measurements along Ethnikis Aminis str. were con-
ducted after midnight, in order to avoid temporary, yet strong
contributions from elevated scatterers, such as buses, tracks
etc., accepting a possible small error from not considering the
contribution of the ground reflected ray. The received power
was measured at 0.5 s time-intervals, resulting in distance-in-
tervals of 1.65 m. The measurements were repeated three times

Fig. 7. Estimated received power versus measurements for path (BC), shown
in Fig. 5.

along the same route, to account for temporal variations due to
the small traffic that was encountered. In order to evaluate the
average power, the following procedure was adopted. First, the
average power (in Watts) of three consecutive samples along
each route was calculated, and then the overall average for the
three different repetitions of the process. Thus a total of nine
samples were used for each result demonstrated in Fig. 7. The
contribution of the singly diffracted ray is also plotted. The
curves that represent and , which includes the
contribution of all multiply reflected and diffracted-multiply-re-
flected rays by implementing a deterministic ray-tracing model
[5], were not sketched in the graph, because their variation with
respect to was similar to the one presented in the LOS case.
In [17], the authors calculate the contribution of the strongest
multiply reflected ray plus the singly diffracted one. For the
calculations of the reflection coefficient was considered
equal to 0.5. Since the crossroad is away from the transmitting
antenna, is almost equal to , which means that the
contribution of the multiply reflected ray is estimated to be
smaller than that of the singly diffracted component [17]. After
50 m ( ) from the crossroad, the proposed model agrees
well with the measurements. The slope of seems to better
approximate the measured samples than . This implies
that at larger distances from the crossroad, the contribution
of the diffracted-multiply-reflected rays should be included
in the estimations. At smaller distances from the crossroad,
the measured profile is stronger than the predicted one. The
1st order multiply reflected rays that are not included in the
calculations were expected to dominate in this small area.

C. Prediction Time Analysis

Compared to a deterministic ray-tracing model, significant
time is saved by avoiding the exhaustive search of all multiply
reflected rays. In the proposed model estimations are delivered
as soon as all sources (real and secondary) that illuminate each
receiver are specified (steps 4 and 5 of Section V-A). Let us
assume an area with secondary sources (wedges). In step
4, rays must be considered from the source to each of the
wedges in the study area, in order to specify the wedges that
are directly illuminated by the transmitting antenna. Hence, the
time to perform this test is . The same test needs to be
repeated for each receiver in the study area in step 5. Assuming
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Fig. 8. Variation of r for the scenario of Fig. 5.

receivers, the worst case running time to complete steps 4
and 5 is .

In a deterministic ray-launching model, rays are initiated
from each source (real and secondary) and for each ray the
intersection with the closest obstacle must be specified. As-
suming that the aforementioned wedges are sections of
buildings, a total of walls exist in the area of interest. In such
a case, the worst-case running time to specify the intersection
of a ray with the closest obstacle is . We assume that the
contribution of each ray becomes negligible after it has suffered

reflections, and a total of rays are launched from each of
the real and secondary sources. The worst case running
time to specify all multiply reflected rays is .

The typical coverage area of an antenna located well below
rooftop level does not exceed 500 m 500 m. In such a typ-
ical Mediterranean urban area, 60 building-blocks (about 250
wedges) are located. Assuming that the receivers are arranged
every 5 m outside the buildings results in approximately

receivers. In a deterministic ray-launching model, typical
values for and are 7 and 720, respectively. In such a case,
the worst case running time of the ray-launching approach is
1260 times greater than that of the proposed model. In the above
example, the time to specify the sources in the proposed model
was 12.4 seconds in a laptop operating under Windows XP with
a Pentium M 1.5 GHz processor and 512 MB RAM. The corre-
sponding time for a deterministic model could be as high as 4
hours (corresponding to the above worst-case analysis).

D. Variation of

represents a measure of the contribution of secondary
ray-paths at each position. A small value of implies that
the direct path dominates, whereas a larger value means that
secondary terms contribute significantly to the receiver.

In Fig. 8, is plotted in connection with , for the scenario
of Fig. 5. We have removed the influence of side streets [intro-
duced through (15)], in order to compare the variation of the
LOS ratio given by (6) with that due to the wedges, given
by (11). Notice that the ratio due to wedge 4 is not plotted, since
the contribution of the latter was smaller than 20 dB than that of
wedge 3 which dominates.

In all four cases, the ratio grows as the distance from the
source increases. This is due to the fact that at greater distances,

Fig. 9. Variation of r for materials, typically encountered in the “urban
scene.”

reflection occurs at a shallow angle and the magnitude of the cor-
responding coefficient grows. Therefore, more terms contribute
significantly to the total received field, as mirrored at greater
values of . When the influence of side streets is included, all
samples in Fig. 8, have to be reduced by the appropriate factor,
depending on .

The variation of for a LOS case, as specified by (6),
for the following typical materials is shown in Fig. 9: a) rein-
forced concrete ( ) [2], b) brick ( ) [25], c) concrete with 30%
moisture ( ) [26], and d) lightweight concrete ( ) [27]. The
greater the magnitude of the reflection coefficient is, the greater
the value of for the same .

Notice that in the graphs of Figs. 8 and 9, is plotted for
increasing . Thus for wider streets, equals a specific value
at a greater distance compared to that for a narrow street

, given by , where and are the
corresponding widths of the two streets.

As shown in [20], if foliage exists along a street, additional at-
tenuation that depends on the distance traveled through vegeta-
tion must be computed for all components. Due to the larger path
through vegetation, the contribution of the multiply reflected
rays compared to the direct ones becomes negligible. Hence,

approximates 0, and the average expected power is given
by the direct-only components ( and ).

Therefore, the parameter , introduced in this paper, car-
ries important information on the contribution of secondary ray-
paths associated with each source, taking into account both the
geometry and the EM properties of the materials of the specific
environment.

E. Range of Application

In the analysis so far, we have assumed that the receiver is at
the center of the street that was studied. Similar behavior was
also recorded when the receiver was considered close to each
of the two sides of the street, even though in (6) and (10)
was calculated for a position at the center of the street. High ac-
curacy was also delivered for directional antennas. In addition,
similar results were verified for a transmitter placed at a different
height compared with the receiver (6 m for a receiver at 1.8 m).
For the cases under examination, we do not need a three dimen-
sional approach as long as both the transmitter and the receiver
are located within the canyon, regardless of its inclination with
respect to the horizon.
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A special case that deserves attention is when the receiver is at
a square. In such a case, is expected to be small. Thus, diffrac-
tion could occur in the transition region. As stated previously
in Section V-A, by implementing the proposed approximation,
only the direct contribution would be calculated. As shown in
Figs. 6 and 7, for small values of , the direct contribution domi-
nates ( is very small and curves and coincide).
Hence, also for this special case high accuracy is expected.

VI. CONCLUSION

In this paper, we put forward a new semi-deterministic prop-
agation prediction model. The idea is to identify all sources and
associate a suitable geometric progression with each one that
accurately describes the contribution of secondary terms. Under
this approach, estimation is delivered as soon as the main con-
tribution and the ratio have been specified. The ratio of each
progression reflects the significance of secondary ray-paths at
each position. It carries important information on the geometry
and the EM properties of the materials inside a “street-canyon,”
and can be treated as a new measure of the scattering behavior
of each environment.

The presented model is not limited in path-loss only predic-
tion. Instead, detailed information on the magnitude, the time
of arrival and the angle of arrival of all important components
is acquired in a short running-time. Therefore, it is ideal for the
wideband characterization of the environment, which is impor-
tant for all modern communication-systems.

High accuracy was achieved for a typical urban configura-
tion. The proposed concept could also be extended for an an-
tenna placed above rooftop level. In a similar reasoning, the
main contribution would be the over-rooftop multiply diffracted
component and a suitable progression could describe the mul-
tiply reflected components at the vicinity of the receiver in the
“canyon.”

APPENDIX

We show that away from the 2 SBs the derivative of
with respect to approaches 0. For simplicity, for the heuristic
diffraction coefficient [8], we will assume that the reflection-co-
efficients associated with the two facets of the wedge are equal
and real. Outside the transition region, the Fresnel transition
function equals one. So we have for

(16)

where is a common term for all [24] and is associated
with the interior wedge angle (ranges from 1 to 2). For ,
we get the original Keller’s solution [24] for the Neumann and
the Dirichlet boundary conditions respectively. The distance de-
pending term will be written and let . After
some simplifications, the derivative is written as

(17)

We can write

(18)

Let us consider the ratio

(19)

The denominator of the 2nd term is greater than that of the
1st. It is obvious that both terms are much smaller than 1 for
greater values of and . Similarly, by considering the
ratio for the four cases of wedges, shown in
Fig. 3 and assuming for the typically encountered geometries
that , we have

where

and

for wedge 1

for wedge 2

for wedge 3

for wedge 4.
(20)

For wedges 2 and 3, if the value of is such that the denomi-
nator of is zero, the corresponding diffracted field given by
(16) is also zero and hence such terms are not expected to con-
tribute in the proposed approximation. The term
remains smaller than 5 for . For greater values of ,
diffraction occurs in the transition region for wedges 2 and 4.
Similarly, for wedge 3, when diffraction occurs outside the SB
( ), the corresponding term is very small. For greater
values of and , . Therefore, provided that
the receiver lies outside the SBs of the corresponding diffrac-
tion and the diffraction coefficient term is different than zero,
we have

(21)
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By inspecting Fig. 3, we can easily deduce that for larger ,
the term is comparable with due to the small
distance difference and with , due to the small
angular separation. Similarly to (19) and (21), we can show that

and .
Hence

(22)

Had we considered the subtraction shown in (17), the derivative
would have been proven even smaller. In fact for ,

, , , the derivative ranges between to
for all four geometries and .
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