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Abstract

We investigate the wave-propagation characteristics in urban environments as functions of the angle-of-arrival distribution,
both in the azimuth and elevation planes. We also take into consideration the time delays for various base-station antenna
elevations. We combine a statistical multi-parametric model, describing randomly distributed buildings, and a waveguide
model, describing a grid of crossing streets with buildings lining the sides to create a new stochastic model. The joint
probability of signal distributions in the azimuth-elevation, azimuth-time delay, and elevation-time delay planes are obtained
and compared with high-resolution three-dimensional experiments carried out in urban areas in Helsinki, Finland. A good
agreement between experimental and theoretical results is obtained.

Keywords: Land mobile radio cellular systems; multibeam antennas; smart antennas; MIMO; Land mebile radio diversity
systems; Land mobile radio propagation factors; delay effects; delay estimation; communication channels
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Figure 1. A two-dimensional model of the street waveguide
accompanied by scatterers randomly distributed around the
transmitter and receiver.
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Figure 3. The measurement results in the AOA-TD plane: the
antenna is below the rooftop level.
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Figure 4. The simulation results of the joint PDF: the antenna
is below the rooftop level.

AOA-TD Distribution

A

>

RELATIVE DELAY

Bt
8

40 38 -3
ANGLE [DEGREE]

Figure 7, The simulation results: the antenna is on the rooftop
level,
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1. Introduction

he demand for increased capacity in wireless networks has

motivated channel designers toward the development of adap-
tive (smart) techniques to achieve better system performance and
higher spectrum efficiency. Different channel models, describing
different propagation mechanisms, can be found in the open lit-
erature [1-10]. These mechanisms, which govern radio propaga-
tion, are complex and diverse.

The main goal of numerous theoretical and experimental
investigations is to find more applicable and effective channel
models that can describe most physical phenomena related to radio
propagation in urban communication settings, in terms of angle-of-
arrival, azimuth (AOA) and elevation (EOA), and time delay (TD)
distributions of the total field at the receiver, The potential “cli-
ents” of a good channel propagation model] can be the designers of
adaptive antennas, and those who make use of spatial and temporal
antenna diversity {11-14]. The channel model should not only be
capable of describing the joint AOA, EOA, and TD distributions of
the total signal, but should also account for different urban scenar-
ios covering various parameters, such as building heights, building
density, and real street orientation,

Investigating the problems of indoor propagation, Spencer [3]
proposed a simple concept, based on a clustering model, for both
separate and mutual AOA and TD characteristics developed by
Saleh and Valenzuela [7]. Spencer’s concept was a simple statisti-
cal two-dimensional approach that belongs to an empirically-based
channel model. This model is used by indoor wireless system
designers, but it is insufficient for outdoor urban propagation euvi-
ronments, where the height relationship between the transmitter
and the receiver positions is important, and various built-up terrain
influences become significant.

The first satisfactory radio propagation model for urban envi-
ronments was that proposed by Liang, Cheon, and Bertoni, based
on the well-known deterministic Vertica! Plane Launching (VPL)
simulation (ray-launching method) [5, 6]. The VPL technique is
capable of determining the three-dimensional (3-D) ray paths that
travel between a transmitter and a receiver as the rays undergo
multiple reflections and diffractions. The VPL ray-tracing alge-
rithm was originally developed for path-loss prediction purposes,
and was later extended to describe TD and AQA signal distribu-
tions by means of the Monte Carlo method. Such a numerical tool
was used in [5, 6] to define the delay and azimuth signal power
distribution by using the second-order moment of the average
impulse response. Andersen [4] has proposed a simple statistical
two-dimensional model for outdoor propagation channels, taking
into account the multiple scattering from the obstructions sur-
rounding a base-station (BS) antenna. This model covered the
existing indoor statistical models [4, 7] for all cases of low to high
elevation of terminal antennas.

A statistical approach was also proposed in [1, 2] as a meas-
urement-based multipath model, which included the angle-of-arri-
val and delay-spread distributions. However, in all of the above-
mentioned models, the effects of the terrain features and the
antenna position with respect to the surrounding obstructions was
not taken into consideration. Obviously, an accurate prediction
analysis, based on the existing methods, requires a lot of measure-
ments 1o be produced, with different types of calibration techniques
and for different types of propagation environments.
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This paper introduces a different approach for handling
urban-propagation mechanisms, based on three-dimensional high-
resolution radio-channel measurements carried out in different
European cities, particularly in Helsinki [11-13]. This approach has
analyzed the propagation mechanism using a comprehensive classi-
fication of different types of wave propagation in urban environ-
ments, Here, three propagation classes are considered: a) the street-
guided propagation case {(class 1), direct propagation over the
rooftop level (class 2), and, finaily, scattering and reflection from
high-rise objects ( class 3).

In [9), a multi-parametric stochastic approach was proposed
to handle the AOA and TD signal distribution in urban environ-
ments for various elevations of base-station antennas. Here, we
show how this stochastic approach can be generalized and used to
tackle the joint AOA, EOA, and TD distributions through experi-
ments carried out in Helsinki [11-13]. Several simulation results
are presented and compared with experimental data to prove the
validity of the new model.

2. Stochastic Approach

In this section, we briefly re-introduce the multi-parametric
stochastic model for propagation in a built-up terrain, obtained in
[9]. Next, we present the guiding effect caused by a (multi-slit)
street waveguide model, and the effects of directional radiation
patterns for base-station antermas on the overall signal distribution.

2.1 Azimuth-of-Arrival and Time Delay
Distributions for an Array of Buildings
Randomly Distributed over a Rough
Built-Up Terrain

To fully describe the built-up terrain and the antenna eleva-
tions, the following parameters have been intreduced, according to
the proposed stochastic model [9].

The average horizontal distance of line of sight (LOS),
! =(p}, is defined as

Yol ={p) = . m

The minimum and maximum building heights in the area of inves-
tigation are A and Ay, and the corresponding terminal antenna

heights for the base station (BS) and mobile station {MS), are z,
and z, respectively, with z; >z, In Equation (1) (L) denotes the

average length of the buildings, and v is the building density per
square kilometer.

Using the results obtained in [9, 14] and the parameters intro-

duced above, the density distribution of scattering points (from
buildings) can be presented as
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where & is an average building height, ¢ is the azimuth angle, and
a s the angle between the ray from the base station to the scat-
terer (in our case, a building) and the ray from the scatterer to the
mobile station. d is the range between the transmitter and the
receiver (called the “pseudo-LOS” distance). The relative time, 7,

(r+f)
d

of signal arrival, £ = , is given by

d(rz—l)
'(W’):m

and

d(f2 —2rcos¢+])

F(r,w):w.

2.2 Field-Intensity Attenuation in a
Street Waveguide Model

This concept is based on the idea that EM waves propagate
along the streets in a city area as if the street were structured in the
form of a broken (muiti-slit) waveguide [8]. This model considers
multiple reflections from building walls, multiple diffractions from
buildings’ corners, and reflections from the road surface, The street
is considered to be a multi-slit (broken) wavegnide, with a Poisson
distribution for the buildings in the street and the intervals between
them (slits). Using [14], we present this PDF, u (r)wg , 88

fin 2]
/.t(r)wg=exp{~2 podl 3)
where
, 4 .
a'= l2n2+a ; 4
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7 is the base-station to mobile-station distance; y is a brokenness
parameter, defined by

0
G0y ®

a is the width of a street; and » is a number of reflections (wave
modes).

2.3 AOA and TD Distributions Affected by
a Multi-Slit Street Waveguide

In this section, we account for the guiding effect empirically
found in [11-13] during a number of experiments in the urban envi-
ronment. Two distributions are of interest here. The first distribu-
tion is ,u(r,.;p), according to Equation (2), which describes the
general spatial distribution of rays scattered by buildings that sur-
round both terminal antennas. The second distribution is y(r)wg,
according to Equation (3), which describes the wave modes caused
by the multi-slit street wavegnide at distance r from the transmitter.
From the geometry shown in Figure 1, the dependence of a’ on

2a% ()

A
a(p) is determined for each discrete angle ¢ . The expression for
the joint PDF is

4
angle ¢ is given by a'(9)= , with %» a’and n=1;

fin 4]
r, =exp| 2= |. 6

#r 8y p[ a'(y) J ©
Let us examine the correlation between u(r,¢) and
ﬂ(",;ﬂ)wg. These two functions are largely independent, because

they are describing two different physical phenomena. If so, the
completed form of the joint AOA and TD distribution of the scat-
tered and guided waves can be written as a simple multiplication of
these two functions. For this, as in Section 2.1, we can introduce
the relative time, 7 , instead of distance r:

Hain =11(7.0) 2(7.9), - 9]

Substituting the appropriate functions for 4(7,p) and y(r‘(o)wg,

we can rewrite Equation (7) as

K (F.9)=

2
diz=-1
.2 Jhl;rl ( )
0.57yvsin (Ejrdexp(—yord)exp 2= et

a'(p) 2{r-cosp) | ®

Equation (8) is valid for the typical urban situation when both the
recetving (RX) and transmitting (TX) antennas are placed below
the rooftop level of the buildings or at the rooftop level. The ACA

distribution, 4, (9), can be obtained by integrating Equation (8)
using a new variable, 7€ (i,oo), which describes the relative time-
delay parameter normalized to the pseudo-LOS distance.
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The corresponding TD distribution, z  fin (r) , can be derived
by integrating Equation (8) using the appropriate angle variable
(pe(—ﬂ', 7r). The calculation of the accepted integrals can be per-
formed using numerical methods.

2.4 Effects of Antenna Directivity in the
Elevation-Angle Domain

To find the antenna directivity effects in the elevation-angle
domain, we use the von Mises PDF [14], which fully describes the
behavier of a directional antenna. Let us denote the elevation angle
by the variable &, and the antenna tilt angle by B
(/> Ocorresponds to a down-tilt and # <0 corresponds to an up-
tilt with respect to the horizon). The von Mises distribution is
given by

P(6) =57 ryereleeos(@- )], ©)

where 1 (rc) is the zero-order modified Bessel function, and «

can be regarded as an antenna directivity parameter. It is obvious
that various antenna patterns have different influences on the joint
(or separate) AOA and TD signal distributions at the receiver, To
reflect this influence, let us examine the PDFs p(a) from Equa-

tion (9) and fin (r.9) from Equation (8). These two distributions
are independent, and, as was shown in [14], their combination

gives a three-dimensional joint PDF in the AOA-TD, EOA-AOQA,
and EOA-TD planes:

'uﬁn_with_elev(t’w’g)=ﬂﬁn(rf¢’)p(g)' Q0)

‘We notice that Equation (10) is a general description of the direc-
tive antenna pattern, both in the vertical and horizontal planes. It
fully represents the joint AQA, EOA, and TD distribution of the
signal arriving at the receiver, affected by an array of obstructions
surrounding the base-station and mobile-station terminal antennas.

3. Numerical Simulation versus
Results of Measurements

Next, we cempare some of the numerical simulations of the
joint AOA, EOA, and TD distributions described by Equation (10)
with the three-dimensional high-resolution measurements of the
spatial radio channel, camried out in different scenarios in the city
of Helsinki.

3.1 Microcell Radio Environment:
Receiving Antenna Below Rooftops

One of the urban scenarios used in the experiment is shown
in Figure 2. The parameters of this experiment were as follows:

* Minimum traffic on the streets
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» The transmitting antenna was at street ground level (its height
was about 2 m).

» The receiving antenna array was located at the level of the third
floor of a neighboring building, but belew the rooftop level
(the height was about 10 m).

+ The 3 dB field-of-view for the receiving antenna was 70° in both
the azimuth and elevation planes,

» The transmitting antenna was omnidirectional in the azimuth and
had an 87° beamwidth in the elevation domain.

* A wideband (100 MHz) channel sounder was used, with a carrier
frequency of 2.154 GHz [91.

Let us now examine the resulting image for the joint AOA
and TD distribution received by post-processing of the measured
data, shown in Figure 3, and the resulting image received by using
Equation (10), shown in Figure 4. Using the topographic map of
the experimental site in Figure 2, we determined the parameters of
the terrain to be yy=4 xm™', k=10, and h=21m (e,
% =15m and x =0.5). The wavelength and the range between
terminals were A=0.13m and d=0.3km, respectively. Fig-

“ures 3, 7, and 9 show the probability distributions of the scattered

waves arriving at the receiver, The concentration of rays in the
AOA-TD plane was shown to vary from a maximum ( 0.5 to 0.9)
to a minimum { 0.1 to 0.4). From Figure 3, more than 80%-90% of
the rays arrived at the receiver from two streets (due to the guiding
effect of streets), i.e., by multiple reflections from buildings located
along the streets.

Figures 3 and 4 show that despite the fact that the dominant
number of rays (more than 80%) arrived due to the guiding effect
of streets, there were still a number of arrivals (about 15%-20%)
that were coming from different directions and symmetrical with
respect to the pseudo-LOS direction. This result was clearly seen
using Equation (10) for the case where both the transmitting and
receiving antennas were below the rooftop level.

[]

Figure 2. A micro-cell urban environment (the receiver is
below the rooftop level).
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Figure 8. The measurements in the EOA-AQA plane: the
antenna is below the rooftops.
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Figure 10. The AOA distribution as a function of the base-
station mobile-station distance, without the guiding effect.

IEEE Antennas and Propagation Magazine, Vol. 48, No. 1, February 2006

ELEVATION [DEG]

p-3}
ANGLE [DEG]

Figure 9, The simulation results for the joint PDF: the antenna
is below the rooftops.
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Figure 11. The AOA distribution depended on the base-station
mobile-station distance: waveguide effect.
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3.2 Microceil Radio Environment:
Receiving Antenna at the Rooftop Level

Let us now introduce another set of measurements where the
receiving antenna was at the rooftop level. For this experiment,
shown in Figure 5, the following parameters were used:

» The transmitting antenna was at street ground level, with a height
of 2 m.

« The receiving antenna, with height of 27 m, was located at the
rooftop level near a building’s corner.

* The 3 dB beamwidth of the transmitting antenna was 70° in the
azimuth and elevation planes.

* The receiving antenna was omnidirectional in azimuth, and had
an 87° beamwidth in the elevation plane. As in the previous
case, there was no direct LOS between the transmitting and
receiving antennas.

* The pseudo-LOS distance was about 420 m. One wide street was
located at an azimuth angle of —30° degrees from the main
lobe of the receiving antenna.

Using the topographic map of the experimental site in Fig-
ure2, we determined the parameters of the terrain to be
7o=8km™, 4 =10m, and h=29m (e, £=19m and
1 =0.7). The wavelength and the range between terminals were
A=0.13m and 4 =0.42 km, respectively.

Figure 6 shows the resulting image of the post-processed
measured data for the area shown in Figure 5, and Figure 7 shows

the resulting image obtained using Equation (10). Once again, a -

good agreement between measured data and simulation results was
observed. We must note, however, that our model cannot sepa-
rately show two groups of armrivals as in Figure 6, which was char-
acterized by a common azimuth range of -25° to ~30° and different
time delays. At the same time, our model takes into account all
arrivals from the waveguide (street), assuming a straight-street-grid
plan.

Hotet Tomi

Figure 5. A micro-cell urban environment (the receiver is on
the rooftop level).
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Figure 6. The measurement resuits: the antenna is on the roof-
top level.

In the third case, shown in Figure 5, there were some differ-
ences in results between experimental data and Equation (10).
These differences are illustrated in Figures 6 and 7. For such an
urban scenario, a simple stochastic model, described by Equa-
tion {2), may be a better fit for the experimental data.

In this case, we could not match the arrivals from rays
reflected from the high tower (Hotel Tomi, shown in Figure 5).
The reason for this is due to our basic assumption that in the azi-
muth plane we cannot see the building height distribution between
hy and Ay, which are the minimum and maximum building heights
in the area of investigation.

3.3 Antenna Directivity and Tilt Effects

Next, the effects of directivity and antenna tilt angle is pre-
sented, based on numerical simnlations of the general three-dimen-
sional Equation (10).

3.3.1 Joint AOA-EOQA Distribution:
Measurement and Simulation

Figure 8 depicts the results for the joint AOA-EQA distribu-
tion measured in the urban case described in Figure 2. Measure-
ments showed that the rays were arriving within the elevation
angular range of —4° to +2°, with most of the rays coming from the
two street canyons caused by the guiding effect. Figure 9 shows the
simulation results of the general three-dimensional case from
Equation (10). A good agreement between measurement and '
simulation results was also observed in the AOA-EQA plane.
Simulation results showed that most of the arrivals were concen-
trated within the elevation angular range of +2° (see Figures 8 and
9. In fact, this result explains the over-rooftop propagation
mechanism (in our example, the receiving antenna was at the

IEEE Antennas and Propagation Magazine, Vol. 48, No. 1, February 2006



rooftop level). It means that the height of the buildings placed clos-
est to the receiver define the clevation angles of arrival at the
receiving antenna. This spreading of the number of arrivals, which
is close to the zero elevation angle, was observed only from rays
located along these two streets, where the guiding effects were
observed in the azimuth domain (see Figures 8 and 9).

3.3.2 AOA Distance Dependence

Let us now analyze the behavior of the expressions in Equa-
tions (8)-(10), obtained by the stochastic approach, using the
results from experiments in [1, 2, 7, 9]. It was shown in [1, 2] that
the azimuth spread depends on the distance between the transmit-
ting and receiving antennas in a specific manner, This dependence
is also predicted by Equation (10). Furthermore, one can see that
the angular spread is reduced when the distance (between trans-
mitter and receiver) is increased, for certain situations. We ana-
lyzed two cases to confirm the empirical results obtained in {1, 2].

The first case, shown in Figure 10, related to the situation
where there was no guiding effect, because the strect-plan grid did
not have a completely rectangular form. The second case, shown in
Figure 11, related to the regular urban environment where there
was a straight-line street grid. The urban case shown in Figure 2
was taken as a test case for our quantitative analysis. The azimuth
of the pseudo-LOS direction between the transmitting and receiv-
ing antennas was about 23°. The different lines depict the different
distances between the two antennas. A ““*“curve was for a separa-

" tion distance of 0.2 km, the “o” line was for a distance of 0.6 km,
and the “+” line was for a distance of 2 km.

Figures 10 and 11 show that the angular spread decreased as
the distance between the terminal antennas, base station, and
mobile station increased. Figure 10 shows an inferesting phenome-
non: with an increase in the distance between the mobile-station
and base-station antennas, the guiding effect became more domi-
nant. The same results were observed in Helsinki for urban sce-
narios that included a straight-grid street plan [9].

4. Summary

In this work, we addressed the problem of modeling the joint
AOA-TD, EOA-TD, and EQA-AQA signal distributions in differ-
ent areas in the city of Helsinki. In this model, we considered
arrays of buildings randomly distributed and arrays of streets with a
straight-line grid plan. A comparison of thecretical and experi-
mental results showed very good agreement for the cases where the
receiving antenna was below the rooftop level or at the same level.
It was found both theoretically and experimentally that for the
dense Helsinki areas, up to 85%-95% of the total received rays
propagated along the streets. The dependence of the AOA on the
receiver-transmitter distance was also confirmed by the proposed
combined stochastic and waveguide models.
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