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Abstract—We measured the spatial properties of the 3-D
double-directional radio channel in wurban macrocell
environments separately at both ends of the link. In this paper we
study propagation conditions pertaining to reception and
transmission at the mobile terminal, measured using a wideband
channel sounder and a dual-polarised spherical antenna array.
We were able to refine the results of the measurements
conducted at the base station, and extend the study to full double-
directional 3-D channels. Individual propagation paths could be
identified precisely, in some cases even considerable scattering
from lampposts was observed. Our results show that over-
rooftop-dominated propagation often occurs via building roofs
with LOS to the base station antenna, acting as strong secondary
signal sources. Based on measurements along continuous routes
we demonstrate that the dominant propagation mechanisms can
vary considerably when the mobile moves in the environment.
We also present typical directional properties of the 3-D radio
channel at the mobile terminal in urban macrocell environments
characterised by street canyons, showing how the angular
distribution of energy is correlated with the excess delay.

Index Terms—Mobile radio channel, Double-directional,
Radio channel measurements, Direction of arrival estimation,
Radio propagation
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I. INTRODUCTION

Future mobile communication systems will exploit the
spatial properties of the radio channel by introducing
antenna arrays at the base and/or mobile stations of cellular
networks [1,2,3]. For the optimal design of array-processing
algorithms, a thorough knowledge of the spatial radio
propagation channel is crucial. An introduction to different
channel modelling approaches can be found in [4]. In recent
years, the European COST (Co-operation in Science and
Technology) Action 259, named “Wireless Flexible
Personalized Communications” [5], has developed a set of
channel models that include the spatial properties of the radio
channel. The models are in effect double-directional [6], in the
sense that they include consideration of the Directions-of-
Arrival (DoAs) of the multipath components at both the base
and mobile stations.

Single- and double-directional radio channel measurements
are needed for validation of such channel models and for
extraction of suitable parameter values for different types of
propagation environments and cell sizes. At the mobile
terminal the radio environment is three-dimensional [7,8,9].
With the development of better instrumentation it is now
possible to measure angles of arrival in both azimuth and
elevation planes at the mobile terminal in addition to
multipath delays, enabling the development of more accurate
models of the type needed for modern spatial array
processing. In addition, 3-D double-directional radio channel
measurements allow reliable tracking of propagation paths
with up to three multiple reflections/diffractions [6,8]. The last
interaction  points  between  physical objects and
electromagnetic waves before the waves reach the base and
mobile stations can be identified precisely, which enables the
investigations of different physical propagation mechanisms
in urban environments [10,11,12]. This information is highly
valuable when evaluating and further developing deterministic
propagation models, such as those based on ray tracing [11].
Few double-directional channel measurements have been
reported so far, one example can be found in [6].

We carried out two separate measurement campaigns in
downtown Helsinki. In the first campaign, reported in [10],
we measured the 3-D directional radio channel at the base
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station (BS) by applying a measurement concept, which was a
combination of RF-multiplexing and synthetic aperture
techniques in order to form a virtual planar array. The results
of the second measurement campaign are presented in this
paper. We measured the 3-D radio channel at the mobile
station (MS) by using a measurement method based on a
spherical dual-polarised antenna array. A subset of the BS—
MS position pairs considered in [10] were also considered in
this work in order to be able to resolve the propagation paths
in the double-directional radio channel between the mobile
and base stations in urban macrocell environment. Whereas
only static measurements were performed in [10], we also
performed measurements along continuous mobile routes, to
investigate the variation of the radio channel at the mobile
station. The first results of these mobile measurements were
presented in [13].

In this contribution, we will verify the observations made in
[10] and show that in some cases the true propagation paths
only became apparent after analysis of the measurements from
both ends of the link. We will demonstrate how the dominant
propagation mechanisms vary when the mobile terminal
moves in the environment, and show how the building height
is in connection with the propagation of waves which arrive
from over rooftops, then impinge on the top edges of building
walls and are diffracted into street canyons. In addition, we
will further investigate the 3-D directional radio channel at the
mobile terminal, by showing the distribution of power in
elevation, and the correlation of the angular power profile and
excess delay in an urban environment characterised by street
canyons.

Section II describes the measurement concept and post-
processing of the data. Section III gives an overview of the
measurement environment. In Section IV we present sample
results of the 3-D radio channel at the mobile terminal, and
compare the results with the measurements at the BS,
presented in [10], to obtain double-directional channels. In
Section V we investigate the consistency of the propagation
paths, and Section VI presents the correlation between the
angular power profiles and propagation delay. Section VII
summarises and concludes the work.

II. MEASUREMENT CONCEPT

A. General

We obtained the angle resolved impulse response of the
wideband radio channel at the mobile terminal by using the
measurement method presented in [14]. The method is based
on the analysis of data measured using a spherical array of 32
dual-polarised antenna elements and a complex wideband
radio channel sounder. At the BS, a wideband signal was
transmitted using a single fixed vertically polarised (VP)
antenna. At the MS the signal was received separately from
the 6- and ¢-polarised feeds of each of the 32 elements of the
spherical array, using a fast 64-channel RF switch. The array
elements are microstrip patches and their 6-dB beamwidth,

measured in-situ in the array, is approximately 90° in the E-
plane and 100° in the H-plane. The gain of the element is 7.8
dBi. The cross-polarisation discrimination (XPD) of the
element is higher than 18 dB over the 6-dB beamwidth, and
the measured XPD of the spherical array is 17 dB and the
XPD has a +4 dB peak-to-peak ripple as a function of the
incidence angle [14].

To evaluate the influence of mutual coupling between the
elements of the array on its radiation characteristics, the
radiation pattern of a single antenna element was measured
both in-situ in the array and apart. No significant changes in
the radiation were observed: the shape of the main lobe was
preserved, as well as the front-to-back ratio, which was
roughly 15 dB in both cases. The mean sidelobe level in the
region from +90° to £150° off the main beam direction
increased by some 5 dB when the element was placed in the
array. The minimum XPD inside the 6-dB beamwidth
decreased from 25 dB to 20 dB in the E-plane and from 19 to
18 dB in the H-plane. There was no significant change in the
feedpoint impedance. Based on the above, we conclude that
the mutual coupling effects do not significantly degrade the
array performance.

Compared to the synthetic aperture technique also applied
for 3-D radio channel measurements at the mobile station
[7,8,15], the measurement is very fast, and enables acquisition
of large data pools from continuous measurement routes. We
present results of static measurements for the basis of
investigation of individual propagation paths. We also
demonstrate how the power carried by a single propagation
path changes when the mobile terminal moves by using data
measured along a continuous route. Results averaged over a
large number of measurement routes to obtain statistical
significance are also presented.

During the measurements the array was placed on a trolley,
so that its centre was at height of 1.7 m above ground level. In
static measurement locations 100 snapshots of the received
signal were sampled in a time period of 2.5 s, and the samples
were averaged in post processing. In the mobile measurement
routes, approximately five snapshotsll:I of the received signal
were sampled and stored per each wavelength the trolley
moved. During the measurement campaign, the transmitting
antenna was placed in two different fixed locations
corresponding to typical BS antenna installations in urban
macrocells. A modified commercial GSM1800 sector antenna
with 10 dBi gain and 3 dB beamwidth of 80° in azimuth and
28° in elevation was used, with no tilting. The transmitted
power was +40 dBm.

B. Channel Sounder

We used the wideband radio channel sounder described in
[16]. In the transmitter, a cyclic pseudo-noise sequence (m-
sequence) modulated the carrier at 2.154 GHz. The chip
frequency of the m-sequence was 30 MHz in all

! each including data from one PN sequence period on each of the 64
channels
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measurements leading to a delay resolution of 33 ns. An m-
sequence length of 255 chips was chosen, leading to a
maximum delay of 8.5 ps. This delay window was found
adequate in the measurement environment. In the receiver, the
demodulated signal was divided into I- and Q- branches and
sampled with two 120 MHz A/D-converters. Sequential
sampling over time intervals corresponding to multiple
sequence lengths enabled continuous measurement at high
sampling rate inside the sampling window. The signal samples
from each spherical array element were then stored for off-line
processing to compute the temporal and angular information.

Since there is no common reference clock for the sounder
transmitter and receiver, the absolute propagation delay was
obtained by making a line-of-sight (LOS) measurement with a
known distance between the antennas and using that as
reference. The local oscillators of the transmitter and receiver
were locked to stable Rubidium frequency standards to
minimise the drifting of the delay reference during the
measurements.

C. Processing of Data

The delays, DoAs, amplitudes, and phases of both 0- and ¢-
polarised components of the incoming waves at each
measurement snapshot were estimated through sequential
delay-domain and angular-domain processing. Delay-domain
processing involves the correlation of the received signal from
each antenna element with an ideal copy of the transmitted m-
sequence, which yields the complex impulse response estimate
of the radio channel. The impulse response estimated from
data received by the O-polarised feed of the n™ element is
written as

hy (7) = 2 1y (2)3(z) (M

where M is the length of the transmitted m-sequence and 7
is the /™ delay tap (four samples per chip period were taken).
Similarly, the impulse responses estimated from the ¢-
polarised channels are denoted by superscript ¢. From the
impulse response estimates the power delay profile (PDP)
corresponding to one snapshot was computed as:

32

PDP(z,)=% ) | W @) +| 0 (z) @)

n=l1

The reason for summing the squared magnitudes of the
impulse response estimates of the 0- and ¢-polarised feeds of
the array elements pointing to different directions was to
estimate the PDP corresponding to an isotropic antenna, and
thus collect the energy arriving from all directions in space.
From the PDP, the delay taps were detected as local maxima
exceeding a threshold level. Since there is a considerable
variation in the number of received multipath components, it
is not appropriate to use a fixed threshold value below the

PDP maximum [16]. Instead, a threshold value was calculated
by finding the maximum value in a silent interval in the PDP,
and adding a 2 dB margin. However, the threshold was never
below —27 dB relative to the maximum of the PDP.

The instantaneous O-polarised spatial response of each
delay tap (z,) was computed as

S'0.4.7,)= 2w, O, Pl O, H)H (z,)+V! (0,9 (z,)]
3)

where 0 and ¢ define the steering direction in elevation and
azimuth, respectively. w,(6,.¢) is a weight factor composed of
element phasing and an exponential tapering function, and

coefficients 1” (9,¢) and v’ (9,¢) are applied in order to

orient the elements to receive O polarisation from the steering
direction (see [14] for more details). A grid with beam spacing
of 2°n both azimuth and elevation domains was used in the
processing. The ¢-polarised spatial response of each local
maximum was computed similarly. The azimuth-elevation-
delay-power profile for each snapshot was then computed as

P0.4,7,)=|S"(0.4,7,) " +1S°(0.4,7,)" @

The 6- and ¢-polarised spatial responses were summed in
order to collect received power for directional estimates
independently of the polarisation state of the received signal.
Corresponding to each delay tap, there may exist one
multipath component or several components that are separated
by their DoAs. Four multipath components per delay tap were
estimated, but only such components were accepted whose
amplitude exceeded a threshold value of 6 dB below the
highest component, in order to filter out spurious signals due
to sidelobes of the array. The measured sidelobe level of the
array is approximately —10 dB in the case of two multipath
components with equal delays and an angular separation of
approximately 40° [14], but the level increases with an
increasing number of multipath components.

In addition to the DoAs of the incoming waves, we also
obtained the amplitudes and phases of the 0- and ¢-polarised
components of these waves as the values of SH(H,(p,rp) and
S?(6.¢,7,) in the directions of local maxima. As a final result,
we obtained for each measurement snapshot the angle
resolved impulse response estimate, defined as:

We.9.0)| &lal |, ) )
h¢(9,¢,2') _; al¢ 5(0 01)§(¢ ¢1)5(T Tl) (%)

where h° and h’ denote the 0- and ¢-polarised

components of the impulse response, respectively. af’ and
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are the complex amplitudes of /™ multipath component, 6,

and ¢ are the corresponding elevation and azimuth angles,
and 7, is the delay.

D. Measurement Accuracy

The directional properties of the measurement system were
analysed in [14] by measuring a known radio channel in a
radio anechoic chamber. The main drawback of the spherical
array is its poor angular resolution and limited angular
dynamic range, which is determined by the sidelobes of the
spherical array. However, when the temporal resolution of the
measurement is high, the problem is significantly alleviated.
The total spatial resolution of the measurement system is
determined by the angular resolution of the spherical array of
approximately 40° and the 33 ns delay resolution of the
wideband channel sounder. Thus the spatial resolution
intervals are truncated cones with an opening angle of 40° and
length of 10 m. More closely spaced waves sum up at the
receiver in a complex manner, which causes uncertainty in the
estimated DoA. According to the fading analysis presented in
[17], the average Rice factor of the amplitudes of the resolved
multipath components is approximately 12 dB in urban
environment, which means that they can be considered to be
composed of one dominant wave with fair accuracy.

III. MEASUREMENT ENVIRONMENT

We carried out the measurements in an urban environment
in the centre of Helsinki, Finland, in June 2000. We mounted
the sector transmit antenna sequentially in two different base
station sites. The sites were exactly the same as the two
macrocell sites used in the directional measurements at the
base station [10], there referred to as RX2 and RX3. For
clarity, in this paper we will call the sites TX2 and TX3,
respectively. The antenna heights from ground were 27 m
(TX2) and 21 m (TX3). Site TX2 was at, and site TX3 above
the rooftop level of the surrounding buildings. Photographs
showing the views from both sites can be found in [10],
together with detailed descriptions of the characteristic
environmental features of both sites.

The spherical array at the receiver was mounted on a trolley
at street level, with the centre of the array being at the height
of 1.7 m, corresponding to the height of a normal mobile
terminal. The total number of mobile terminal locations in
which static measurements were made was 50 (32 for TX2, 18
for TX3). These locations are exactly the same as those used
in the directional measurements at the base station, described
in [10]. In addition, 11 continuous mobile routes were
measured [13]. In the analysis presented in this paper we only
use those routes that were measured in street canyons. The
total length of these routes was 1830 m, and the total number
of snapshots collected along the routes was 65°600. The
trolley was pushed along sidewalks on the streets in the
measurement area, and the TX—RX distance varied within
50...750 m. The measurement distance was limited by the

sensitivity of the channel sounder, due to losses in the
switching unit. Fig. 1 presents a map of the area showing the
two transmitter sites, all static measurement locations, and the
continuous mobile routes in street canyons. The street grid in
the measurement area is fairly regular and the average street
width is approximately 15 m. The height of most buildings is
in the range of 20...30 m (see Fig. 1).

IV. SAMPLE RESULTS

We separately analysed data from the 50 static
measurement locations, by plotting the total received power as
the sum of the powers of the 0- and ¢-polarised components at
the mobile station in azimuth-elevation, azimuth-delay, and
elevation-delay planes. We compared the results with those
obtained from the measurements at the base station, and
identified distinct propagation paths. In this section we will
show a few sample results of the analysis, representing the
typical propagation phenomena. Three of the four selected
locations are the same as presented in [10], to enable the
comparison of results at both ends of the propagation channel.
The numbering of the locations is the same as used in [10], so
that location RX5 (TX2) in this paper is the same as TX5
(RX2) in [10].

A. Mobile terminal location RX5 (TX2)

In our first example the mobile was located near the
northeastern corner of an open square, only 180 m from the
BS, behind a block of buildings. Fig. 2 presents a detailed map
of the environment surrounding the mobile terminal, and the
orientation of the co-ordinate system. Figs. 3 and 4 show the
received power at the mobile station over the azimuth-
elevation and azimuth-delay planes, respectively. In Fig. 3 the
elevation angle increases from the centre towards the edges of
the figure. The dashed line marks the horizontal plane, i.e.
elevation of 0°. Similarly, in Fig. 4 the propagation delay
increases from the centre towards the edges. The darker
colours of the contour plots indicate higher received power.
The colour scale is normalised to the maximum power in each
graph.

The first multipath component arrived with a delay of 0.6
us from direction (@46 = (-95°, 25°), and it could be
identified as the direct path from the TX direction, diffracted
over the building roof (Quasi-LOS). The next component,
which is the strongest one, was received at a delay of 0.7 ps,
via a reflection from the metal roof next to the White tower
(see Fig. 2), which had LOS to the BS site. In the BS
measurement of the same mobile terminal location (see Figs.
13 and 14 in [10]), we erroneously interpreted this reflection
to have originated from the White Tower, but from the mobile
end the difference between the azimuth directions is clear
(White Tower: —40°, metal roof: —50°). Other components ,
which initially propagate over the rooftop, are the reflection
from the Theatre tower, and secondary reflections from the
Theatre Building. The rest of the signal components originally
propagate along Kaisaniemenkatu street canyon. The first of
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them is visible in the direction of the street aperture, while the
rest are multiple reflections from the Railway Station and
other buildings on the sides of the open square. By combining
the results with the measurement at the BS end of the channel
(see Figs. 13 and 14 in [10]), we can completely resolve and
identify the dominant propagation paths to this mobile
terminal location. The schematic diagram in Fig. 5 describes
how the secondary signal sources seen by the base station are
linked to those seen by the mobile station. Double
reflections/diffractions are observed via Theatre Tower and
street canyon.

B. Mobile terminal location RX18 (TX2)

In the second example the mobile was located in the
southeastern corner of the open square, close to the aperture of
the street canyon leading to the BS. Fig. 6 presents a detailed
map of the environment surrounding the mobile terminal, and
Figs. 7 and 8 show the received power at the mobile station
over the azimuth-elevation and azimuth-delay planes,
respectively. The strongest signal components in this location
were received at rather low elevation angles from the direction
of the street canyon (¢ = [-12°...-22°]), as could be expected.
Reflections with short delays are observed from the corner of
Ateneum building (¢ ~75°) as well as the building wall at the
right-hand side. In addition, longer-delayed components
reflected from the opposite side of the open square were
identified. The interesting special aspect concerning the
signals received in this location is the strong multipath
component received at a small excess delay from an azimuth
of 20°, one of them at an elevation angle of approximately
60°. Since there are no buildings close to the mobile in this
direction, we first suspected a measurement error. However,
we visited the measurement area once again and found that the
source of these multipath components with high elevation
angles and short delays was a high lamp post next to the
location of the mobile terminal, see Fig. 6. This example
demonstrates that even small objects, not only buildings,
affect the propagation in urban environments.

C. Mobile terminal location RX28 (TX2)

Fig. 9 presents a detailed map of the environment
surrounding the mobile terminal in location RX28 (TX2),
situated in the street canyon of Aleksanterinkatu. In [10] we
presented results from measurements at the BS end of the link
to this location (see Figs. 15 and 16 in [10]). We then
observed that the strongest multipath component was received
with an excess delay of 1.4 ps, from the direction of the
highest building in the surroundings (Hotel Torni). Fig. 10
shows a photograph taken from this building towards the
measurement area. Site TX2, and Stockmann and Makkaratalo
buildings are marked in the photograph. As can be observed in
Fig. 10 the metal roof of Stockmann building rises higher than
the neighbouring Makkaratalo building. There is a LOS from
site TX2 to the Stockmann roof as well as to the building with
Glass wall (see Fig. 9). Figs. 11...13 show the received power
at the mobile station over azimuth-elevation, azimuth-delay,

and elevation-delay planes, respectively. The first multipath
component is received through a reflection from the metal
roof of Stockmann building. Almost simultaneously a large
number of multipath components can be observed from all
azimuth directions except for the range +90°...+150°, where
the closest buildings are more than 100 m away (street
scattering & multiple reflections in street canyon). The
components from high elevation angles and azimuths of +20°
and —40° are the result of secondary scattering from the roof
of the Stockmann building and then from the wall of
Makkaratalo building (the mobile was situated on the
sidewalk only a couple of meters from the wall). The
components having the longest delays were reflected from the
Glass wall (azimuth range +90°...+120°) and Hotel Torni
(azimuth +120°) after propagating over the Makkaratalo
building. The effect of the coupling to the street level after
reflection from the high-rising roof is very clear in the
elevation-delay profile in Fig. 13, where the highest
components have shortest delays. Based on the mobile station
measurements it can be concluded that the interpretation of the
BS measurements was partly in error. The components that
were actually reflected from the Glass wall after propagating
over the Makkaratalo building were then assumed to have
propagated via Keskuskatu street canyon and therefore visible
in the azimuth direction of Makkaratalo building. The
erroneous interpretation was due to poor measurement
resolution in the elevation plane, which made it difficult to
distinguish separate distant secondary sources.

The foregoing example demonstrates an important finding.
Energy that arrives from directions roughly perpendicular to
street can be reflected or diffracted down to street level by
buildings on the opposite side of the street from the direction
to the source that are higher than those that line the side of the
street in the direction of the source. This was the situation in
most measurement cases where propagation over rooftops
played a significant role. In many of these cases the coupling
happened through backward diffraction from the building
roof-edge (or scattering from objects near the rooftop level)
on the opposite side of the street, having LOS to the base
station.

D. Mobile terminal location RX3 (TX3)

The last example is the mobile terminal location RX3
(TX3). Fig. 14 presents a detailed map of the surroundings of
this location, and Figs. 15 and 16 show the received power at
the mobile station over the azimuth-elevation and azimuth-
delay planes, respectively. During measurements at the BS
[10] we noticed that most of the power propagates via two
streets: Rauhankatu and Kirkkokatu (see Fig. 14). Also
components propagating over the rooftop of BOF-building
and reflections from the high-rising cupola of the Lutheran
cathedral (Church) were observed at the BS. The
measurements at the mobile station are consistent with these
results. By looking at Figs. 15 and 16 it is clear that the
propagation along Rauhankatu street canyon dominates. Most
multipath signals were received from azimuths between —50°
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and +50°. These correspond to the buildings to the north of
the mobile terminal location. The reflection from the Church
cupola was found to arrive from an azimuth of +135°, with an
elevation angle between 25° and 30° above horizon.

The most interesting observation is that no short-delayed
multipath components are received from the direction of the
BS (¢ = 80°), see Fig. 16. Instead, components with high
elevation angles (6 = 50°) are found on the opposite side,
around azimuths between —50° and —140°. These directions
correspond to the top corners of the building closest to the
mobile terminal location (see Fig. 15). The interpretation of
this result is that these components were originally propagated
over the BOF-building, but received at the mobile via
diffraction from the opposite building roof-edge (or scattering
from objects near the rooftop level), which has LOS to the BS.
The phenomenon is exactly the same that was observed for
mobile terminal location RX28 (TX2), in Sec. The
result also reveals the requirement to look into the propagation
channel from both ends of the link, to make the correct
conclusions about the actual propagation paths.

V. CONSISTENCY OF PROPAGATION PATHS

In order to investigate the consistency of the resolved
propagation paths, and thus the reliability of the static
measurement results presented in the previous section, we also
performed measurements along continuous routes.

We present two examples showing the large-scale variation
of the power received over certain propagation paths when the
mobile terminal moved continuously along one of the
measurement routes. Both the presented examples are from a
single measurement route, at a distance of approximately 500
m from the base station. Fig. 17 shows the local surroundings
and geometry of the route. The marker numbers correspond to
snapshot counter values. Measurement snapshots were taken
at a period of approximately 2.8 cm (A/5) along the route, i.c.
1000 snapshots corresponds to a 28 m movement of the
mobile terminal.

A. An Over-Rooftop Propagation Path

The first example shows the properties of wave interaction
from a metal building roof having LOS to the base station.
The building between the base and mobile stations is clearly
lower than the building on the opposite side of the street. The
upper-most graph of Fig. 18 presents the 0- (VP) and ¢- (HP)
polarised power received from the direction of the metal roof
(£10° azimuth window), at elevation angles higher than 25°.
The power has been averaged with a sliding window of 20
snapshots, i.e. app. 4 wavelengths. The figure shows
significant variation of power carried by this propagation path.
Between snapshots #5250 and #6150 the power in this
direction is clearly higher when compared to the rest of the
route, at maximum the difference is of the order of 20 dB. The
snapshot range corresponds to the part of the route, where the
roof was at an azimuth angle of 95° relative to the mobile

terminal, i.e. at an offset of 5° compared to the normal of the
building wall (see Fig. 17). The angles fit well to the geometry
of the backward diffraction, since the angle of incidence of the
plane wave coming from the base station is —5° off the normal
of the wall. Vertical polarisation dominates the signal received
from the roof. The cross polarisation power ratio (XPR) of the
signals received over the propagation path and averaged over
the measurement route is 9.7 dB.

The lowest graph in Fig. 18 shows the total received power
along the same route. It can be seen that the highest value of
the received power along the route occurred when the mobile
terminal passed by the metal roof. In the range between
snapshots #5400 and #5850 the average portion of power
propagating via the roof is 69 % of the total received power
(in average 45 % between snapshots #5250 and #6150). Thus
this propagation path clearly dominated at this part of the
route. The XPR averaged over the measurement route was 8.2
dB, which is close to the average over all mobile station
measurements (8.6 dB [13]), and the average XPR measured
at the base station (8.0 dB [18]).

B. A Street-Canyon Propagation Path

The other propagation path that was investigated is believed
to have involved diffraction from the building block corner
marked in Fig. 17. The waves that travelled along the street
that approaches the intersection from the direction of the base
station illuminated the street crossing, and the mobile terminal
received power from the direction of the block corner. The
centre plot of Fig. 18 presents the 0- (VP) and ¢- (HP)
polarised power received from the direction of the block
corner (£10° azimuth window), at elevation angles above
horizontal plane. It can be seen that this propagation path is
clearly more stable than the one of the previous example. The
VP power varies within —80... =90 dBm for most of the route.
There is a trend of increasing power towards the end of the
route, which is explained by the fact that as time progressed,
the mobile terminal came closer to the street crossing. Vertical
polarisation dominated on this propagation path: the XPR
averaged over the route was 10.8 dB.

VI. ANGULAR POWER DISTRIBUTION AND EXCESS DELAY

We computed the estimates of the Azimuth Delay Power
Profile (ADPP) and Elevation Delay Power Profile (EDPP)
over all data measured along continuous routes in street
canyons. The routes are shown in Fig. 1. Measurements were
performed in such a way that azimuth angles 0° and 180° were
parallel to the street canyon. The mobile moving direction was
0° in azimuth.

The details of computing the angle-delay power profiles
based on the angular resolved impulse response estimates are
presented in [17]. First the angle-delay planes were divided
into equally spaced bins and for each snapshot the powers of
all multipath components corresponding to each bin were
summed. The resulting matrix was normalised by the total
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incident power of each snapshot, to compensate for large-
scale variations of the received power. Finally the ADPP and
EDPP were computed by averaging over all recorded
snapshots.

Figs. 19 and 20 present the EDPP averaged over all street
canyon routes for the excess delay and absolute delay,
respectively. The shape of the EDPP for excess delay
demonstrates how the energy propagating above rooftops is
coupled to street level with short excess delays. Propagation
along street canyons dominates for excess delays larger than 1
ps, which can be seen as low elevation angles. The maximum
of the average EDPP for excess delay is found at an elevation
angle of 7° and an excess delay of 0.3 ps. The average EDPP
for the absolute delay has a different shape. Propagation over
building rooftops is strongest inside the absolute delay range
between 1 ps and 2.5 us (BS-MS distance of 300...750 m).
Propagation via street canyons dominates for delays outside
this range. The measurement range explains the upper limit of
the delay range: the longest distance between BS and MS in
the measurements was approximately 750 m, corresponding to
a propagation delay of 2.5 ps.

The correlation between azimuth angle and excess delay
can be seen in Fig. 21. For short excess delays the power
spreads almost equally in all azimuth directions, but at an
excess delay of approximately 0.4 ps certain directions begin
to dominate. The longest delays were found in the directions
of the street canyon (0°, 180°), but also the effect of
intersecting streets can be seen as longer delays around
azimuth angles of £90°. Similar behaviour has been observed
before by Kuchar et al. in a city having considerably different
street orientations and construction characteristics [8], even
with the same breakpoint value of 0.4 us.

VIL

This paper reports the application of a measurement
technique based on use of a spherical antenna array and a
wideband channel sounder to characterise the influence on
propagation of the 3-D environment surrounding a mobile
terminal in an urban environment. By combining the results of
directional radio channel measurements at both ends of the
link we were able to identify precisely the last wave
interaction points before the wave reaches the base and mobile
stations, and to investigate the relative strength of various
reflecting, scattering, and diffracting contributions.

In [10] we concluded that propagation over building roofs
typically occurs via buildings that rise higher than the average
rooftop level. Based on analysing data measured at the mobile
terminal we conclude that even small differences in building
heights are in connection with the propagation of waves which
arrive from over rooftops, then impinge on the top edges of
building walls and are diffracted into street canyons. In most
cases the signal components with high elevation angles were
due to reflections from building roofs with LOS to the base
station. As already observed in [10], the components

CONCLUSIONS

diffracted directly over the rooftop from the direction of the
BS were mostly weak, and in many cases they did not exist at
all. Instead, coupling of energy to street level typically
happened via the building roof opposite to the direction of the
BS. This finding indicates that building height is an important
parameter in site-specific deterministic propagation models,
such as those based on ray tracing.

The results prove that the radio environment at the mobile
terminal is different from that at the base station. In the urban
macrocell environment the spread of energy in both the
azimuth and elevation angle domains is significantly larger at
the mobile terminal. In some cases even the power scattered
from lampposts could be identified. Thus for a small handheld
terminal antenna having low directivity, the contribution of
high-elevation multipath components is significant.

We tracked the individual propagation paths over a
continuous route, and demonstrated how the relative powers
of the paths vary when the terminal moves in the environment.
The dominant propagation mechanism — e.g. propagation over
rooftops or via street canyons — may change entirely along the
route, resulting also in considerable variation of received
power within relatively short distances. These findings
support the concept of local regions of consistency in the
parameters of the set of waves that arrive at a mobile terminal
[19,20,21] and show the usefulness of our measurement
approach to determine such regions.

The results concerning the distribution of angles from
which waves arrive at a mobile terminal in a microcellular
environment are consistent with the findings in [8]. For short
excess delays signal components are incident from all
directions in azimuth, and from a wide range of elevation
angles due to coupling from above rooftops. For large excess
delays propagation via street canyons dominates, which can
be seen by the concentration of energy in low elevation
angles, and in azimuth sectors corresponding to the street
directions.

In the future, when antenna arrays are introduced at the
base and mobile stations of cellular networks, accurate
modelling of the spatial radio channel will become crucial.
Based on the results presented in this paper it is evident that
deterministic site-specific propagation modelling in urban
macrocells requires accurate 3-D ray tracing, with detailed
information of building heights and materials. The measured
double-directional radio channel data can be utilised in the
verification and evaluation of existing ray tracing tools.
Double-directional channel measurements will also pave the
way for site-specific radio network deployment [22]. This
technique will make possible considerable savings in
transmitted power and reduction in intra-system interference
by making it possible to transmit only in directions where one
can be sure that the signal will be actually received and will
harm other receivers in the cell least.
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Figure 15. RX3 (TX3): Azimuth-elevation plane at mobile station.
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Figure 16. RX3 (TX3): Azimuth-delay plane at mobile station.
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Figure 17. Continuous measurement route in street canyon.
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Figure 19. EDFP for excess delay averaged over all routes measured in street canyons.
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Figure 21. ADPP averaged over all data collected along routes in street canyons.




