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Directional Macro-Cell Channel Characterization
from Urban Measurements
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Abstract—We measured the angular power distribution at
the mobile station in downtown Paris at 890 MHz. The transmit
antenna was omnidirectional and placed high above rooftops. The
receiver antenna, a 21 41 element rectangular synthetic array,
was located on the roof of a van. The refined high-resolution
evaluation method, particularly robust against nonstationary
signal components, allows an angular resolution of better than
1 in both azimuth and elevation and a delay resolution of 33 ns.
Combined angular/temporal domain measurements are crucial
for the understanding of the propagation mechanisms. The
evaluated sites showed strongly street-dominated propagation.
We found a combined circular and rectangular distribution of
scatterers around the mobile station in street-dominated envi-
ronments. Propagation over the roofs was significant; typically
65% of energy was incident with elevation larger than 10. Our
results corroborate the hypothesis on the importance of multiple
reflections/diffractions in urban macro cells. We explain this
behavior by two reasons: narrow streets favoring a canyon effect
and strong scatterers without line-of-sight (LOS) to the mobile
station.

Index Terms—Channel measurements, direction-of-arrival esti-
mation, communication channels, urban channel, wireless commu-
nications.

I. INTRODUCTION

FUTURE mobile communication systems will use antenna
arrays at the base and/or mobile station, either as diver-

sity antennas or as beamforming arrays [1]. For both applica-
tions, knowledge of the directional characteristics of the mo-
bile radio channel is crucial for system performance. The avail-
ability of proper directional channel models is a prerequisite for
the system design and evaluation. Thus, the interest in the di-
rectional nature of the urban mobile radio channel has rapidly
increased over the last years [2], [3].

Directional channel measurements at thebase stationhave
been reported recently [4], [5]. In the work presented here we
measured the angular power distribution atmobile stationposi-
tions. The planar array allowed determination of both the az-
imuth and the elevation of the incoming waves. The impor-
tance of the simultaneous estimation of the two angles is dis-
cussed in [6] and it is shown that disregarding the elevation leads
to significant error of azimuth estimates. Mutual coupling was
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Fig. 1. Definition of the geometrical parameters.

avoided by performing measurements with a single antenna that
was moved over a rectangular grid. First results of these mea-
surements have been presented in [6]. Here we use a refined
evaluation method, which allows a more thorough evaluation
with higher sensitivity. The analysis of the complete set of mea-
surements conducted by CNET France Telecom [7] allowed to
propose a classification of environments for urban macro cells.
Averaged angular power distributions for these classes are dis-
cussed.

Many channel models assume only single reflections. We will
investigate the question whether multiple reflected signals at the
receiver can be detected and where this is the case. We will also
discuss what portion of the signal energy travels over the roofs.
To answer this question it is essential to have elevation power
distributions at the mobile station position. This information is
useful for the description of site-specific deterministic [8] and
semi-deterministic channel models [9], [10].

We also study the effect of nonstationary scatterers. The re-
sults will support our position that the presented data evalua-
tion method is well suited for the application to measurement
data, even if the data is not collected from a strictly stationary
channel.

Section II explains the measurement setup and the experi-
mental conditions. Section III reviews the physical model as-
sumptions and Section IV describes the data evaluation proce-
dure. In Section V, we present the results of a basic propaga-
tion scenario to validate the approach and discuss the influence
of nonstationary channel components. Section VI presents an
environment classification with representative measurement re-
sults for each class. Section VII discusses the averaged angular
power distributions. Section VIII concludes the work.

II. M EASUREMENTSYSTEM AND ENVIRONMENT

The measurements were performed in downtown Paris. The
environment consisted mainly of buildings with heights of about
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Fig. 2. Map of the measurement locations RX15, RX19, RX24, and RX27. TX
indicates the transmitter location. The arrows in the map indicate the receiver
orientation(� = 90 ). In contrast to all other locations, RX19 was in LOS to
the transmitter. In RX15 and RX24 the receiver was located in a narrow street,
in RX27 the receiver was located in a broad long street.

25–35 m. The transmitter was placed on the top of a building in
Rue des Archives, about 47 m above ground level (Fig. 2). The
transmit antenna was a 10-dBi gain omnidirectional antenna.
As receive antenna we used a quarter wavelength monopole
mounted on a conducting shield. It was placed on top of a van at
a height of 2 m. The antenna was consecutively moved to each
node point of a rectangular lattice to form a planar synthetic
array , with

and cm (Fig. 1). The
array was always aligned with the-axis parallel to the street

. At each node point, we extract the impulse response
by correlating with a replica of the sent pseudorandom sequence
[11]. The impulse responses measured over
the “synthetic aperture,” m m, form the spatially variant
impulse response

(1)

where the delay sampling rate s with
. This results in a channel impulse response over a

delay interval of about 35s.

Special care was taken to limit the phase errors in the mea-
surements [7], [11]. The transmitter and the receiver were con-
trolled by very precise clocks (Rubidium normal with a drift
of 2.10 /day). Still the remaining phase shift due to manual
clock synchronization would cause significant phase errors. To
overcome this difficulty we measured, foreachantenna posi-
tion, , the complex signal at this position and a complex ref-
erence signal at a fixed antenna position,. This allows a cor-
rection of the phase shift.

Another source of errors is the possible nonstationarity of the
channel between each measurement and its reference measure-
ment. Measuring during the night was important to reduce the
main source of nonstationarity, i.e., moving cars. Furthermore
the receiver antenna was placed on the roof of a high van on a
conducting shield and, thus, the influence of surrounding cars
was strongly attenuated. However, we discuss the problem of
channel nonstationarity in more detail in Section V.

TABLE I
DEFINITION OF POWER SPECTRA. PDP …

POWER DELAY PROFILE, ADPS … AZIMUTH DELAY POWER SPECTRUM,
APS … AZIMUTHAL POWER SPECTRUM, EDPS … ELEVATION DELAY

POWER SPECTRUM, EPS … ELEVATION POWER SPECTRUM, DIR …
DOPPLER-VARIANT IMPULSERESPONSE, DPS … DOPPLERPOWERSPECTRUM

III. PHYSICAL ASSUMPTIONS ANDDEFINITIONS

Under the assumption of stationary scatterers in the far-field
and the narrow-band assumption [6], the spatially variant im-
pulse response can be written as a sum ofplane waves

(2)

where and are the coordinates of the mea-
surement array plane, the wavenumber is
and is the complex amplitude of the-th wave. The wave vec-
tors are then

(3)

where and are the azimuth and the elevation angles of the
th of a total of incident waves.

A direction-of-arrival (DOA) estimation of at a given delay
will give the DOA’s of the rays within the delay interval

, where is the temporal resolution. The number of
these rays is usually much smaller thanand, therefore, any
DOA-determining tool will resolve them more easily.

A. Further Definitions

We define the angle resolved impulse response as

(4)

If a mobile is moving in the direction of the street, , we
can transform the angular domain into the normalized Doppler
domain, , which results in a Doppler-variant
impulse response

(5)

From and we define various power spectra (Table I), i.e.,
sums of powers of the estimated plane waves.
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IV. DATA EVALUATION —ARRAY PROCESSING

The goal of the array processing is to estimate the angle re-
solved channel impulse responsefrom the measured spatially
variant channel impulse response. In this section, we briefly
summarize a recently developed technique [6] to evaluate the
measurement data. (Alternative methods to estimate the channel
parameters are given, e.g., in [12], [13].) The refinement of the
present paper lies in the selection of the number of DOA’s.
Here we determine by looking for a local minimum of the
data estimation error [see (9)]. This is an “objective” criterion.
In [6], we “manually” determined only for those delays with
peaks in the PDP that carried the essential signal energy. We now
treat the entire PDP as a whole, which results in a more sensitive
analysis. In general, more waves now appear albeit weak.

In a first step, we write down the “snapshots” in a
vector

(6)

i.e., the complex array samples at the delay
. Next we determine the number of incident waves for each

of these vectors .
The limited amount of data (“single snapshot”) does not allow

to apply well known statistical criteria [6], [14]. Instead, wea
priori assume a number of DOA’s starting with and
calculate under this assumption the wave parameters:

• We estimate from the single snapshotthe DOA’s by
applying the high resolution DOA estimation algorithm
2-D Unitary ESPRIT [15] and 2-D spatial smoothing [16].
From the so-found azimuth and elevation angles we can
form a steering matrix [6, eq. 11] and

• reconstruct the individual waves and calculate their com-
plex amplitude vector (beamforming),

(7)

where is the Moore–Penrose pseudo-inverse [17].
• In the next step, we determine a measure for the estima-

tion error of the wave parameters. From the reconstructed
amplitude vector we get anestimateof the received data
matrix

(8)

A measure for the wave parameter estimation error, the
so-called “data estimation error” is defined as

(9)

where denotes the -norm of the vector. To this end,
we prove why an appropriately defined data estimation
error is a valid measure for the parameter estimation error
(see Appendix).

• Then we investigate whether the first local minimum of
or the limit of , [6] is reached.

If so, the number of DOA’s incident with delay is
, otherwise repeat the parameter estimation with

an increased . Taking the number of DOA’s
that gives a global minimum of generally does not
yield proper results because in many cases still de-
creases if more than the actually present DOA’s are as-
sumed. The reason is that additional degrees of freedom
are used to model the noise.

After we have repeated the procedure for allrelevantdelays,
we obtain an estimate of the angle resolved impulse response

(10)

where waves arrive with delay at the receiver
and are the azimuth and elevation of theth wave at
corresponding delay. The total number of waves incident is

(11)

We decide from the averaged measured impulse response which
delays are relevant by applying a threshold a few decibels above
the noise floor. We estimate the angular power distribution for
all delays where the threshold is exceeded. For all other delays

.
The presented method to estimate the angle resolved impulse

response has several advantages.

• Only the number of waves per temporal snapshot is lim-
ited by the algorithm, in our case to 48, but not the total
number of estimated waves. In our results we estimated up
to 1000 waves at each measurement location. This offers
the freedom to accommodate as many waves as there are
physically present.

• The dynamic range is significantly increased by the large
beamforming gain.

• Even if the algorithm gives erroneous estimates of the
DOA, the estimation error of the angular resolved impulse
response will not increase significantly. For a wave with
poor DOA estimates, the beamforming will result in neg-
ligible amplitudes because no wave is incident from
that direction.

V. VALIDATION

To validate the array processing algorithms and the data ex-
traction procedure we go through two steps: first, we verify
the method in a simple line-of-sight (LOS) measurement, and
second we investigate the effect of nonstationary/noncoherent
signals incident at the receiver by means of computer simula-
tions.

A. LOS Scenario

The receiver (Fig. 2, position RX19) was located in a
9-m-wide street at a distance of 480 m from the transmitter
(Fig. 3). In the power delay profile (Fig. 4) we can identify one
dominant peak that corresponds to the LOS path. Additional
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Fig. 3. Photo taken at position RX19 with view to the transmitter.

Fig. 4. PDP,P (�), of the incoming waves at measurement location RX19 with
LOS to the base station.

Fig. 5. Azimuthal delay power spectrum (ADPS),A (�; �), of the incoming
waves for the measurement location RX19 with LOS to the base station.

weak waves (relative power 35 dB) with larger delay are
also present.

1) Azimuthal Delay Power Spectrum:Fig. 5 represents the
distribution of the power versus azimuth and delay, i.e., the az-
imuthal delay power spectrum (ADPS). The figure is read as fol-
lows: for each identified wave a peak is plotted in the delay-az-
imuth plane, where delay (azimuth) corresponds to the radial
(azimuthal) coordinate in the plane. An excess delay of zero cor-
responds to the delay of the first wave incident at the receiver. As
in all other measurement locations, the direction of the street is

and is depicted in the map by an arrow (Fig. 2). For the
dominant wave we determined and . The
theoretical elevation angle is , which we obtained
from the RX-TX distance and the TX antenna height. The az-
imuth angle was nearly 90in our notation, i.e., the direction
of the street.

The ADPS reveals that there are some longer-delayed waves
coming from the front and less shorter-delayed components
from behind. The delay of the significant waves incident from
behind ( ) is smaller because the street ends after
180 m in that direction. Although the power of the weak
components is very small (60 40 dB) the sensitive array

Fig. 6. RMS azimuthal (solid line, circles) and elevation (solid line, crosses)
estimation error of a stationary signal source, when a nonstationary interferer
source is present. The lines without markers represent the rms estimation errors
of azimuth (solid) and elevation (dashed) when no interferer is present, i.e.,
C=I = 1.

processing is able to detect those weak signals. Other methods,
in general, estimate only the strongest waves.

B. Nonstationarity

A channel that is nonstationary during the measurement pe-
riod leads to noncoherent signals at the antenna elements. In
this subsection, we discuss (by means of synthetically generated
data) whether such incoherent waves will disturb the estimation
of the wave parameters of stationary signal components.

We investigate how a possibly strong nonstationary signal
source will degrade the estimation accuracy of another sta-
tionary signal. We thus apply (2) and (3) with . The
first wave originates from a fixed scatterer location denoted
by (carrier). The second wave, the interferer, represents
the nonstationary signal source. As a worst case we added to
this wave a random phase term uniformly distributed between
0 and 2 . This additional phase was chosen at random for
each antenna element. Equation (2) cannot describe such an
incoherent signal and thus it would not make sense to estimate
a DOA for it. Additionally, we varied the ratio of the signal
amplitudes

(12)

where is the carrier-to-interference ratio of the signal
sources. Fig. 6 presents the RMS estimation error for the first
wave versus . For this worst case scenario the estimation
error stays below 1for dB. This demonstrates
the robustness of the method against nonstationary interfering
sources.

VI. M EASUREMENTRESULTS

In street dominated environments the incident power is often
confined to limited angular ranges. After evaluating 30 measure-
ment locations in urban environment and comparing their an-
gular power distributions, we defined three classes:Street_Clas-
sical, Street_Corner, and situations whereFar Echoesplay a
significant role. In this section, we pick out a representative lo-
cation for each of these classes. Only two out of 30 locations
did not fit the above classifications (“open areas”).
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Fig. 7. PDPP (�) of the incoming waves for the measurement location RX27
located in a street.

Fig. 8. ADPS,A (�; �), of the incoming waves for the measurement location
RX27. The waves with large delay are confined to angular ranges in the direction
of the street.

A. Street_Classic

A typical NLOS propagation situation in a street includes:

• short-delayed waves from almost all directions (uniform
local scattering around the mobile);

• longer-delayed waves confined to the directions of the
street.

At location RX27 (Fig. 2, position RX27) the receiver was
located inRue de Rivoli, a 27-m-wide street, about 700 m away
from the transmitter. The PDP (Fig. 7) shows an approximately
exponential power decay, which is typical for a scenario where
local scatterers dominate the propagation. The delay spread is

s.
From the ADPS we find that all waves with larger delay are

confined to narrow angular ranges in the direction of the street
(Fig. 8). Because those dominant directions are not exactly

and we conjecture that the van was not parked
exactly in parallel with the street. The first waves arriving at the
mobile station (MS) are incident from more or less all directions
(compare Fig. 9), which is typical for local scatterers. At delay

s we identify a strong wave incident from
and , which is reflected atTour St. Jacques(Fig. 10).

The buildings along the street form a waveguide (“canyon”)
in which the waves travel. The waves traveling along the street
may have significant delays up to 25s, which is an indication
for multiple scattering. Although the scatterersnearthe mobile
station are often assumed to lie only within a circular disk, the
ADPS indicates that, in street canyons, the scatterer distribution
of long-delayedwaves has a rectangular shape [22]. Thus, the
ADPS can be modeled by two superposed distributions: a cir-
cular distribution for the short delayed components and a rect-
angular shaped distribution.

Fig. 11 shows the distribution of the elevation of the incoming
waves, the elevation delay power spectrum (EDPS). Propaga-
tion over the roofs dominates because 50% of the energy have el-

Fig. 9. Normalized APSA(�) of the incoming waves for the measurement
location RX27. We separately calculated an APS for small and large delays.
The APS plotted on the left side includes all waves with an excess delay� �
0:4 �s, while in the other APS only waves with an excess delay� > 0:4 �s are
included. Waves with small delay are incident from all directions. The canyon
effect forces waves with large delay to come mainly from the directions of the
street.

Fig. 10. Photo taken at position RX27 with view to the east (Rue de Rivoli).

Fig. 11. EDPS,E (#; �), of the incoming waves for the measurement
location RX27. Elevation angles up to 80� are possible especially for the zero
excess delay. The elevation decreases with increasing delay.

evations larger than 16. The elevation decreases with increasing
delay.
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Fig. 12. Doppler-variant impulse response,D (�; �), of the incoming waves
for the measurement location RX27.

Fig. 13. ADPSA (�; �) of the incoming waves for the measurement location
RX15.

Fig. 14. Elevation over azimuth-delay plane of the incoming waves for the
measurement location RX15. Waves that propagate horizontally, i.e., with
# = 0 , are suppressed in this diagram. Typically, waves incident from other
directions than the street have larger elevation. Especially waves near azimuth
� = 220 (marked) have large and similar elevation (see text).

The Doppler-variant impulse response summarizes the situ-
ation (Fig. 12). For small delays we find a Doppler spectrum
with large Doppler spread with more or less uniform shape, typ-
ical for scenarios with incoming waves over full half-space [18].
This is in contradiction with the usual assumption of a uniform
scatterer distribution in a horizontal plane ([19], [23]). For the
large delay the spectrum is dominated by maximum Doppler
shift components—typical for street-dominated environments.

A slightly different situation occurs at location RX15 (Fig. 2,
position RX15), where the mobile is standing in a narrow street
environment with 5 m width. The strongest components, and
thus the largest amount of energy, are incident from the direc-
tions of the street. Additionally we find in the ADPS (Fig. 13)
contributions with larger delays from azimuths

and .
The azimuth-delay-elevationfunction (Fig. 14) shows that

the waves incident around are confined to a small
elevation range although spread over a many microseconds in
delay. Such a situation with same azimuthandsame elevation,
but different delay is a strong indication that the waves have

Fig. 15. PDPP (�) of the incoming waves for the measurement location
RX24. The delay spread isS = 1:62 �s.

Fig. 16. ADPS,A (�; �), of the incoming waves for the measurement
location RX24. The strongest wave is incident from the direction of the street,
� = 90 .

Fig. 17. Doppler-variant impulse responseD (�; �) of the incoming waves
for the measurement location RX24.

undergone additional scattering before being diffracted over a
nearby roof, i.e., they are multiply diffracted/reflected.

B. Street_Far Echoes

In some locations the power delay profile at the MS includes
strong signal components with large delay, i.e., significant far
echoes from large scatterers. If the far scatterer has a LOS to
the MS and thus lies in the direction of the street, the waves
will have smaller elevation. More often there is no LOS to the
far scatterer (compare also RX30 in [21]). Then the waves will
arrive at the receiver by double scattering at least. First, they are
reflected at the large far away obstacle and then they are coupled
into the street, typically by diffraction on the building roofs or
at street corners (compare RX15 in previous subsection).

In location RX24 (Fig. 2, position RX24) we measured a typ-
ical bad urban PDP (Fig. 15). The strongest waves have an ex-
cess delay of s and the delay spread is s.
The ADPS (Fig. 16) shows that most of the waves are incident
from , the direction of the street.

For small delays local scattering dominates—the
Doppler-variant impulse response (Fig. 17) shows a large
Doppler spread. At excess delay we also find a large
Doppler spread, but for all other delays the Doppler spread
is small. The EDPS (Fig. 18) gives more insights into the
source of those strongest signal components. We identify the
two strongest waves with nearly the same power and angles
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Fig. 18. EDPS,E (#; �), of the incoming waves for the measurement
location RX24.

Fig. 19. Photo taken at position RX24 with view to the south.

Fig. 20. Measurement location RX32 near a street corner.

and . Because
wave #1 is incident with elevation , we are looking for
large obstacles that fit the direction and excess delay.

In the map (Fig. 2) we can identify indeed a significant ob-
stacle that acts as a reflector. The excess delayfits to Path A, a
reflection at theOpera de Bastille Pariswith its glass front that
is visible from RX24 (Fig.19). Waves #1 and #2 traveling the
same path in the map differ significantly in elevation only. We
assume that wave #2 is first reflected at the Opera, and then is
reflected at a grazing angle by a building, thus leading to larger
elevation but similar azimuth.

C. Street_Corner

In contrast to theStreet_Classicenvironment, the receiver
in RX32 was located near a street crossing close to a church
(Fig. 20). The top view of the ADPS (Fig. 21) shows the small
number of angular ranges that dominate this environment. In-
vestigating the five strongest incident waves (Table II) reveals
that waves #4 and #5 are traveling along the street, both with
small elevation. Wave #1 is diffracted at the street corner or re-
flected at the church. Wave #3 is incident from the direction of
the cutoff street corner (Fig. 20). In the ADPS we find many
waves with slightly larger azimuth than wave #3, with delays
ranging from 0 s to 8 s. Here the street corners evidently act
as edges at which many waves are diffracted before they finally
reach the receiver.

Fig. 21. Top view of the ADPSA (�; �) of the incoming waves for the
measurement location RX32 near a street corner.

TABLE II
STRONGESTFIVE WAVES INCIDENT AT LOCATION RX32

Fig. 22. Averaged ADPSA (�; �) of the incoming waves. We averaged
over all scenarios in street environments, including the environment classes
Street_ClassicandStreet_Far Echoes.

VII. D ISCUSSION OFRESULTS

We present averaged results ofall measured locations.
From the distribution of the incident power versus azimuth we

find that street canyons force the long-delayed waves to come
from the directions of the streets, but street crossings can cause
additional signal components. For smaller delays (typically

s) local scatterers, typically uniformly distributed in az-
imuth, contribute to the power spectra. These nearest scatterers
can be modeled to lie within a circular disc. The signal compo-
nents with larger delay are in general confined to the directions
of the street. From the averaged ADPS (Fig. 22) we see that
the scatterers are distributed on a rectangle [22]. Here we did
not include the locations near street crossings. If the receiver is
located near a street crossing, the intersecting streets act as aper-
tures. An ADPS averaged over situations near street crossings
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Fig. 23. Averaged ADPS,A (�; �), of the incoming waves. We averaged over
all scenarios in the environment classStreet_Corner.

Fig. 24. Averaged EDPSE (#; �) of the incoming waves. We averaged
over all scenarios in street environments, including the environment classes
Street_Classic, Street_Far EchoesandStreet_Corner.

Fig. 25. Averaged EPS,E(#), of the incoming waves (solid line). We
averaged over all scenarios in street environments, including the environment
classesStreet_Classic, Street_Far Echoes, and Street_Corner. The dashed
line represents the vertical antenna pattern of a�=4 monopole mounted on a
infinite conducting plane.

(Fig. 23) also includes significant contributions from directions
other than and .

The distribution of the elevation angles has a similar shape
in all street dominated environments. Fig. 24 shows the
averaged EDPS for the environment classStreet, including
Street_Classic, Street_Far Echoesand Street_Corner. A gen-
eral trend is that the elevation decreases with increasing delay.
Especially in streets with homogeneous building height the
fast decay of elevation over delay is evident. The averaged
EPS (Fig. 25) reveals that the strongest components travel
horizontally, while waves traveling over the roofs significantly
contribute to the overall signal (on average more than 65% of
the energy are incident with elevation ), even though
the pattern of the monopole antenna attenuates waves incident
from large elevations.

We also identified waves that are incident from large eleva-
tionsandwith large delay (Fig. 14 and Fig. 18). Evidently such
echoes can only be explained by multiple reflections/diffrac-
tions. Generic situations where multiple reflections may occur
are:

Fig. 26. Averaged Doppler-variant impulse response,D(�), of all
street-dominated locations. solid line …Street, dash-dotted … theoretical
Jakes spectrum.

• A wave is reflected on a far scatterer that has no LOS to the
receiver. From there the wave reaches a roof of a building
near the receiver, where it is diffracted and propagates to
the receiver.

• A wave travels through a street and is multiply reflected
on the walls of the street canyon.

Another indicator for multiple reflections are waves arriving
with the same azimuthand thesame elevation, but with dif-
ferent delays (Fig. 14). Evidently, the urban environment pro-
vides numerous waves that have undergone various delays be-
fore reaching a final dominant scatterer that directs them to the
receiver.

In the street dominated scenarios we find on average a
Doppler spectrum similar to a Jakes spectrum, although waves
do not impinge from elevation zero only.

VIII. C ONCLUSION

The evaluation of wide-band array measurements at the po-
sition of mobiles turned out to be an important tool for under-
standing the propagation mechanisms in the urban mobile radio
channel. Especially the good resolution in delay (33 ns) and
angle (on the order of 1) of an improved ESPRIT-based method
allows to determine an angle resolved impulse response con-
sisting of numerous partial waves reaching the mobile station.

The results showed that in street dominated environments the
scattering distribution isnot onlycircular as assumed by many
channel models (e.g., [19], [20]). The distribution of waves with
small delay contrasts that with long delay. For small delay, local
details in the vicinity of the mobile, e.g., a nearby-parked van
and building structures, influence the angular resolved impulse
response. In contrast, the signal components with large delay de-
pend more on the global characteristic of the environment, e.g.,
a strong reflector like a high-rise building. In the metropolitan
urban area investigated, we found many scenarios with signifi-
cant excess delay, while the azimuthal spread was not large. We
can model this situation with a rectangular scatterer distribution.
From our analysis, we conclude that these results are consistent
with the canyon effect that favors propagation in narrow angular
ranges centered around the street direction. Near street cross-
ings, which present an aperture to the mobile, the situation may
be different. Depending on the distance between the mobile and
the nearest street crossing, additional directions may appear that
are not perpendicular to the street direction.

The elevation of the incident waves made clear that in macro
cell environments in NLOS situations propagation over the roof
presents a significant portion of the total received energy. We
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found significant coupling of often multiply reflected/diffracted
waves over the roofs into streets.

We have found evidence that waves undergo multiple scat-
tering before being diffracted over nearby roof. This was pos-
sible only by the analysis of thejoint information of delay, az-
imuth andelevation of the incident waves.

The averaged power distributions presented for the various
environment classes will allow to validate and configure channel
models that include directional components. We will implement
the obtained results in our geometry-based stochastic channel
model (GSCM [22], [23]) in a later work.

APPENDIX

We demonstrate why the data estimation error is a mea-
sure for the accuracy of the estimate of. Inserting the under-
lying model [13] and (7) in (9) yields

(13)

Using we obtain

(14)

which shows that will be small indeed if . This
follows from the fact that is the projection onto
the null space of , which, in turn, is the null space of for

. Using the orthogonality of the range space ofand
the null space of establishes that is a measure for the
quality of the estimate of .
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