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Directional Macro-Cell Channel Characterization
from Urban Measurements

Alexander KucharStudent Member, IEEBean-Pierre Rossi, and Ernst Bon8knior Member, IEEE

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 street
receiver antenna, a 21x 41 element rectangular synthetic array, direction
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 X R Ty
for the understanding of the propagation mechanisms. The ™S~ 7 -
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- rjg 1. pefinition of the geometrical parameters.
ronments. Propagation over the roofs was significant; typically
65% of energy was incident with elevation larger than 16. Our
results corroborate the hypothesis on the importance of multiple - gyoided by performing measurements with a single antenna that
Leflect!ons/dlffractlons in urban macro cells. We explain this < 0o o4 Gver a rectangular grid. First results of these mea-

ehavior by two reasons: narrow streets favoring a canyon effect . .
surements have been presented in [6]. Here we use a refined

and strong scatterers without line-of-sight (LOS) to the mobile : ; i
station. evaluation method, which allows a more thorough evaluation

Index Terms—Channel measurements, direction-of-arrival esti- With higher sensitivity. The analysis of the complete set of mea-
mation, communication channels, urban channel, wireless commu- surements conducted by CNET France Telecom [7] allowed to

nications. propose a classification of environments for urban macro cells.
Averaged angular power distributions for these classes are dis-
cussed.

|. INTRODUCTION : . .
Many channel models assume only single reflections. We will

UTURE mobile communication systems will use antenngvestigate the question whether multiple reflected signals at the
arrays at the base and/or mobile station, either as divegceiver can be detected and where this is the case. We will also
sity antennas or as beamforming arrays [1]. For both applicgiscuss what portion of the signal energy travels over the roofs.
tions, knowledge of the directional characteristics of the mqop answer this question it is essential to have elevation power
bile radio channel is crucial for system performance. The avadlistributions at the mobile station position. This information is
ability of proper directional channel models is a prerequisite feiseful for the description of site-specific deterministic [8] and
the system design and evaluation. Thus, the interest in the gmi-deterministic channel models [9], [10].
rectional nature of the urban mobile radio channel has rapidlywe also study the effect of nonstationary scatterers. The re-
increased over the last years [2], [3]. sults will support our position that the presented data evalua-
Directional channel measurements at bi@se statiorhave tion method is well suited for the application to measurement
been reported recently [4], [5]. In the work presented here Wgta, even if the data is not collected from a strictly stationary
measured the angular power distributiomragbile statiorposi- channel.
tions. The planar array allowed determination of both the az-Section |l exp|ains the measurement Setup and the experi-
imuth and the elevation of the incoming waves. The impomental conditions. Section Ill reviews the physical model as-
tance of the simultaneous estimation of the two angles is digimptions and Section IV describes the data evaluation proce-
cussedin [6] and itis shown thatdisregarding the elevation |eaﬂ§re' In Section V, we present the results of a basic propaga-
to significant error of azimuth estimates. Mutual coupling wagon scenario to validate the approach and discuss the influence
of nonstationary channel components. Section VI presents an
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TABLE |
DEFINITION OF POWER SPECTRA PDP ...

POWER DELAY PROFILE, ADPS ... AZIMUTH DELAY POWER SPECTRUM,
APS ... AZIMUTHAL POWER SPECTRUM EDPS ... EEVATION DELAY
POWER SPECTRUM, EPS ... EEVATION POWER SPECTRUM DIR ...
DOPPLERVARIANT IMPULSE RESPONSE DPS ... DOPPLERPOWER SPECTRUM

S0
FaTEK gl
[ { %2

PDP P(r) = [ |h(7, 7) |2 dF

ADPS | A.(¢,7) = [ |h(¢,9,7)|2dd
3

APS | A(d)=[ ! |7 (¢, 9, 7)|? dddr

EDPS | E,(9,7) = [ |1(,8,7)2 d¢
&

EPS | B(9) = [ [|h(¢,9,7)* dpdr
Fig.2. Map of the measurement locations RX15, RX19, RX24, and RX27.TX Te

indicates the transmitter location. The arrows in the map indicate the receiver DIR D (v,7) = |y (v, 7)|?
orientation(¢ = 90°). In contrast to all other locations, RX19 was in LOS to DPS D= (i 2g
the transmitter. In RX15 and RX24 the receiver was located in a narrow street, W)= !l o(v,T) P dr

in RX27 the receiver was located in a broad long street.

I1l. PHYSICAL ASSUMPTIONS ANDDEFINITIONS

. .. ._Under the assumption of stationary scatterers in the far-field
25-35 m. The transmitter was placed on the top of a building in . . L
, : and the narrow-band assumption [6], the spatially variant im-
Rue des Archivesbout 47 m above ground level (Fig. 2). The :
ulse response can be written as a sum pfane waves

transmit antenna was a 10-dBi gain omnidirectional anteniy’

As receive antenna we used a quarter wavelength monopole L B
mounted on a conducting shield. It was placed on top of a van at hF,T) =Y B 6(r — 1) 2)
a height of 2 m. The antenna was consecutively moved to each 1=1

node point of a rectangular lattice to form a planar synthetich L N q h di fth

m, < M, andA, = A, = 5cm = 0.148) (Fig. 1). The surem_ent array plane, the_wavenumbe@i& K 1Cr + ky 1€y
array was always aligned with theaxis parallel to the street 2Nda i the complex amplitude of thieth wave. The wave vec-
(¢ = 90°). At each node point, we extract the impulse respond¥’s are then

by correlating with a replica of the sent pseudorandom sequence 27 27 )

[11]. TheM,, x M, = 21x 41 impulse responses measured over kag = 2o Vicos gy, Ky = 2o T Oisingr - (3)
the “synthetic aperture,! m x 2 m, form the spatially variant

impulse response whereg; andd; are the azimuth and the elevation angles of the
Ith of a total of L incident waves.
h (n) = W(Fy nAAL) @ A direction-of-arrival (DOA) estimation ol at a given delay

7 will give the DOA's of the rays within the delay interval —
A,,7], where A, is the temporal resolution. The number of
rtlaese rays is usually much smaller tharand, therefore, any
DOA-determining tool will resolve them more easily.

where the delay sampling rate, = 0.033 us with0 < n <

N = 1023. This results in a channel impulse response ove
delay interval of about 3ps.

Special care was taken to Iim_it the phase errors in the MeR- £\ rther Definitions
surements [7], [11]. The transmitter and the receiver were con- i )
trolled by very precise clocks (Rubidium normal with a drift e define the angle resolved impulse response as
of 2.1071/day). Still the remaining phase shift due to manual I
clock synchr(_)niz_aFion would cause significant phase errors. o (¢ 4, 7) = Z aid(p — ¢80 — 0)S(r — 7). ()
overcome this difficulty we measured, feachantenna posi- —1
tion, 7%, the complex signal at this position and a complex ref- o o o
erence signal at a fixed antenna positi@n, This allows a cor- If@mobile is moving in the direction of the stregt= 90°, we
rection of the phase shift. can transform the angular domain into the normalized Doppler
Another source of errors is the possible nonstationarity of tf@main,» = sin ¢ cos«, which results in a Doppler-variant
channel between each measurement and its reference meadiifed!se response
ment. Measuring during the night was important to reduce the I
main source of nonstationarity, i.e., moving cars. Furthermore ho (v, 7) = Z (v — 1)8(r — ). (5)
the receiver antenna was placed on the roof of a high van on a P
conducting shield and, thus, the influence of surrounding cars , ,
was strongly attenuated. However, we discuss the problem offrom# andk, we define various power spectra (Table 1), i.e.,
channel nonstationarity in more detail in Section V. sums of powers of the estimated plane waves.
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an increase(i; = Jin + 1. Taking the number of DOA's
that gives a global minimum ab £ E generally does not
yield proper results because in many cabdsFE still de-
creases if more than the actually present DOA's are as-

IV. DATA EVALUATION —ARRAY PROCESSING

The goal of the array processing is to estimate the angle re-
solved channel impulse resporiséom the measured spatially
variant channel impulse responseln this section, we briefly . "
summarize a recently developed technique [6] to evaluate the sumed. The reason is that additional degrees of freedom

measurement data. (Alternative methods to estimate the chann('eAIﬁare us;zd to modetl tdh?hnmse. dure foralevantdel
parameters are given, e.g., in [12], [13].) The refinement of the er we have repeated the procedure foralevantdelays,

present paper lies in the selection of the number of DJAs we obtain an estimate of the angle resolved impulse response

Here we determind.,, by looking for a local minimum of the N /L,

data estimation error [see (9)]. This is an “objective” criterion. h(r, $,0) = Z <Z U 16(T — nAA;)
In [6], we “manually” determined.,, only for those delays with —1 \i=1

peaks inthe PDP that carried the essential signal energy. We now
treat the entire PDP as a whole, which results in a more sensitive X (¢ — Pp1)6(0 — 19”71)> (10)
analysis. In general, more waves now appear albeit weak.

In a first step, we write down th&f,, x A, “snapshots” in a

vector where L,, waves arrive with delay,, = nA, at the receiver

and¢, ;, 7, ; are the azimuth and elevation of ttte wave at
corresponding delay. The total number of waves incident is
i.e., theM, x M, complex array samples at the delgy =

N
L=>Y" Ly,
nA.. Next we determine the number of incident waves for each =t
of these vectors. We decide from the averaged measured impulse response which
The limited amount of data (“single snapshot”) does not allodelays are relevant by applying a threshold a few decibels above
to apply well known statistical criteria [6], [14]. Instead, we the noise floor. We estimate the angular power distribution for
priori assume a number of DOAB,, starting withZ,, = 1 and all delays where the threshold is exceeded. For all other delays
calculate under this assumption the wave parameters: L, = 0.
« We estimate from the single SnapSM]ejjn DOA's by The presented method to estimate the angle resolved impulse
applying the high resolution DOA estimation algorithnie€sponse has several advantages.
2-D Unitary ESPRIT [15] and 2-D spatial smoothing [16]. ¢ Only the number of waves per temporal snapshot is lim-
From the so-found azimuth and elevation angles we can ited by the algorithm, in our case to 48, but not the total
form a steering matriA [6, eq. 11] and number of estimated waves. In our results we estimated up
« reconstruct the individual waves and calculate their com-  to 1000 waves at each measurement location. This offers
plex amplitude vector (beamforming), the freedom to accommodate as many waves as there are
physically present.
The dynamic range is significantly increased by the large
beamforming gain.

x = [hoo(n), ho,1(n), -+ ho g, —1(n), - - -
]T

(6)

hag, 1,0, -1(n)
(11)

T A
| =Atx 7 .

e = |:an71

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

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 amplitudesw,, ; because no wave is incident from
that direction.

amplitude vectoé we get arestimateof the received data
matrix

% = Ae.

(8)

A measure for the wave parameter estimation error, the

so-called “data estimation erroDEE(L,,) is defined as

V. VALIDATION

To validate the array processing algorithms and the data ex-

. traction procedure we go through two steps: first, we verify
DEE(ﬁn) - M (9) the method in a simple line-of-sight (LOS) measurement, and
l1x[]2 second we investigate the effect of nonstationary/noncoherent

where||-||» denotes th&-norm of the vector. To this end, s:ignals incident at the receiver by means of computer simula-

we prove why an appropriately defined data estimatidtPnS:
error is a valid measure for the parameter estimation error )
(see Appendix). A. LOS Scenario

» Then we investigate whether the first local minimum of The receiver (Fig. 2, position RX19) was located in a
DEE(Jin) or the limit ofﬁn, L. = 48 [6] is reached. 9-m-wide street at a distance of 480 m from the transmitter
If so, the number of DOA's incident with delay, is (Fig. 3). In the power delay profile (Fig. 4) we can identify one
L, = L, otherwise repeat the parameter estimation witiominant peak that corresponds to the LOS path. Additional
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Fig. 3. Photo taken at position RX19 with view to the transmitter. C/lin dB

Fig. 6. RMS azimuthal (solid line, circles) and elevation (solid line, crosses)

A estimation error of a stationary signal source, when a nonstationary interferer
0} : 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 = .

P(1) 4
=36

B 1 . . .

i I | 1 processing is able to detect those weak signals. Other methods,
p in general, estimate only the strongest waves.

Ops  Sus  10us 15w  20us  25ms  30ps
T

B. Nonstationarity

Fig. 4. PDPP(T),of_the incoming waves at measurement location RX19with A channel that is nonstationary during the measurement pe-
LOS to the base station. . .
riod leads to noncoherent signals at the antenna elements. In
this subsection, we discuss (by means of synthetically generated
Al 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 = 2. The

5 first wave originates from a fixed scatterer location denoted
1 rSicion by C (carrier). The second wave, the interfeterrepresents
the nonstationary signal source. As a worst case we added to
Fig. 5. Azimuthal delay power spectrum (ADPS). (¢, 7), of the incoming - thjs wave a random phase term uniformly distributed between
waves for the measurement location RX19 with LOS to the base station. . L
0 and 2r. This additional phase was chosen at random for
each antenna element. Equation (2) cannot describe such an
weak waves (relative powetr—35 dB) with larger delay are incoherent signal and thus it would not make sense to estimate

also present. a DOA for it. Additionally, we varied the ratio of the signal
1) Azimuthal Delay Power Spectrunkig. 5 represents the amplitudes

distribution of the power versus azimuth and delay, i.e., the az- o

imuthal delay power spectrum (ADPS). The figure is read as fol- ap = 110720 (12)

lows: for each identified wave a peak is plotted in the demy_ayzghere C/I is the carrier-to-interference ratio of the signal
imuth plane, where delay (azimuth) corresponds to the rad P{urces. Fig. 6 presents the RMS estimation error for the first

(azimuthal) coordinate in the plane. An excess delay of zero cd </ For thi t 0 th timati
responds to the delay of the first wave incident at the receiver. Qgve versu /1. For this worst case scenario the estimation

_r i
in all other measurement locations, the direction of the streetelrsror stays below “lfor /I > —5 dB. This demonstrates

= 90° and is depicted in the map by an arrow (Fig. 2) Forthtge robustness of the method against nonstationary interfering

dominant wave we determinetl = 88.6° and¥ = 4.9°. The SOUrces.
theoretical elevation angle i%; = 5.3°, which we obtained
from the RX-TX distance and the TX antenna height. The az-
imuth anglep.;, was nearly 90in our notation, i.e., the direction  In street dominated environments the incident power is often
of the street. confined to limited angular ranges. After evaluating 30 measure-
The ADPS reveals that there are some longer-delayed wawesnt locations in urban environment and comparing their an-
coming from the front and less shorter-delayed componemslar power distributions, we defined three clasStseet Clas-
from behind. The delay of the significant waves incident frorgical, Street_Cornerand situations wher€ar Echoesplay a
behind ¢¢ = 270°) is smaller because the street ends afteignificant role. In this section, we pick out a representative lo-
180 m in that direction. Although the power of the weakation for each of these classes. Only two out of 30 locations
components is very smalH60 - - - —40 dB) the sensitive array did not fit the above classifications (“open areas”).

VI. MEASUREMENT RESULTS
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Fig. 7. PDPP(7) of the incoming waves for the measurement location RX27
located in a street.

Fig.8. ADPSA. (¢, ), 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.

(b)

A typical NLOS propagation situation in a street includes: Fig. 9. Normalized APSA(¢) of the incoming waves for the measurement

h del d f | Il di . if location RX27. We separately calculated an APS for small and large delays.
* short-delayed waves from almost all directions (uni Orfiihe APS plotted on the left side includes all waves with an excess delay

local scattering around the mobile); 0.4 ps, while in the other APS only waves with an excess delay 0.4 s are
. Ionger-delayed waves confined to the directions of tﬁ%luded. Waves with _small delay are incident frc_)m all direction_s. T!’le canyon
effect forces waves with large delay to come mainly from the directions of the
street. street.

At location RX27 (Fig. 2, position RX27) the receiver was
located inRue de Rivolia 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 =19 us.

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
90° and¢ = 270° we conjecture that the van was not parkegi .
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
71 ~ 5.7 us we identify a strong wave incident fropn= 94°
andy = 6.5°, which is reflected aTour St. Jacqueé-ig. 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 25, which is an indication
for multiple scattering. Although the scattereesarthe mobile
station are often assumed to lie only within a circular disk, the
ADPS indicates that, in street canyons, the scatterer distribution
of long-delayedvaves has a rectangular shape [22]. Thus, the
ADPS can be modeled by two superposed distributions: a Gifg. 11. EDPS,E. (v, ), of the incoming waves for the measurement
cular distribution for the short delayed components and a retisation RX27. Elevation angles up to8fre possible especially for the zero
angular shaped distribution. excess delay. The elevation decreases with increasing delay.

Fig. 11 shows the distribution of the elevation of the incoming
waves, the elevation delay power spectrum (EDPS). Propagsations larger than 26The elevation decreases with increasing
tion over the roofs dominates because 50% of the energy havedgltay.

A. Street_Classic
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Fig. 15. PDPP(7) of the incoming waves for the measurement location
RX24. The delay spread i = 1.62 us.

Fig. 12. Doppler-variant impulse responge, (v, 7), of the incoming waves
for the measurement location RX27.

Fig. 16. ADPS,A.(¢,7), of the incoming waves for the measurement
location RX24. The strongest wave is incident from the direction of the street,
¢ = 90°.

Fig.13. ADPSA. (¢, 7) of the incoming waves for the measurement location
RX15.

Fig. 17. Doppler-variant impulse responBe (v, 7) of the incoming waves
for the measurement location RX24.

undergone additional scattering before being diffracted over a

Fig. 14. Elevation over azimuth-delay plane of the incoming waves for tiﬁ? ; : ;
measurement location RX15. Waves that propagate horizontally, i.e., w arby roof, i.e., they are multiply diffracted/reflected.

¥ = 0°, are suppressed in this diagram. Typically, waves incident from other
directions than the street have larger elevation. Especially waves near azinfdth Street_Far Echoes

¢ = 220° (marked) have large and similar elevation (see text). In some locations the power delay profile at the MS includes

strong signal components with large delay, i.e., significant far

The Doppler-variant impulse response summarizes the siachoes from large scatterers. If the far scatterer has a LOS to
ation (Fig. 12). For small delays we find a Doppler spectrutmhe MS and thus lies in the direction of the street, the waves
with large Doppler spread with more or less uniform shape, typsll have smaller elevation. More often there is no LOS to the
ical for scenarios with incoming waves over full half-space [18]ar scatterer (compare also RX30 in [21]). Then the waves will
This is in contradiction with the usual assumption of a uniforrarrive at the receiver by double scattering at least. First, they are
scatterer distribution in a horizontal plane ([19], [23]). For theeflected at the large far away obstacle and then they are coupled
large delay the spectrum is dominated by maximum Dopplito the street, typically by diffraction on the building roofs or
shift components—typical for street-dominated environmentst street corners (compare RX15 in previous subsection).

A slightly different situation occurs at location RX15 (Fig. 2, Inlocation RX24 (Fig. 2, position RX24) we measured a typ-
position RX15), where the mobile is standing in a narrow streieal bad urban PDP (Fig. 15). The strongest waves have an ex-
environment with 5 m width. The strongest components, awéss delay of; = 5.9 us and the delay spread.$s= 1.62 us.
thus the largest amount of energy, are incident from the diréthe ADPS (Fig. 16) shows that most of the waves are incident
tions of the street. Additionally we find in the ADPS (Fig. 13¥rom ¢ = 90°, the direction of the street.
contributions with larger delays from azimuttis~ 40°, ¢ =~ For small delays local scattering dominates—the
220°, and¢ = 260°. Doppler-variant impulse response (Fig. 17) shows a large

The azimuth-delaglevationfunction (Fig. 14) shows that Doppler spread. At excess delay we also find a large
the waves incident aroungl ~ 220° are confined to a small Doppler spread, but for all other delays the Doppler spread
elevation range although spread over a many microsecondssirsmall. The EDPS (Fig. 18) gives more insights into the
delay. Such a situation with same azimatid same elevation, source of those strongest signal components. We identify the
but different delay is a strong indication that the waves haweo strongest waves with nearly the same power and angles
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15us

Fig. 18. EDPS,E. (v, ), of the incoming waves for the measurement
location RX24.

Fig. 21. Top view of the ADPSA. (¢, 7) of the incoming waves for the
measurement location RX32 near a street corner.

TABLE 1l
STRONGESTFIVE WAVES INCIDENT AT LOCATION RX32

wave | delay | power ¢ b

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

#1 | 03 0 236.0 | 36.0 °
#2 0.3 -34 | 632 [ 37.2°
#3 | 03 | -36 |2808]|145°
#4 1.4 -0.5 8.9 | 1.3°
#5 1.5 -3.6 |269.5| 24°

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

¢1 = 92.1°,9; = 0° and¢p, = 92.5°,9, = 16.9°. Because
wave #1 is incident with elevatioft = 0°, 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 deléts to Path A, a
reflection at theéDpera de Bastille Parisvith 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. WEig. 22. Averaged ADPSA_ (¢, 7) of the incoming waves. We averaged
assume that wave #2 is first reflected at the Opera, and therd ref_"cslgggigr"%ss't?egr_egr‘El‘ﬂ;oensmems' including the environment classes
reflected at a grazing angle by a building, thus leading to larger
elevation but similar azimuth.

VII. DISCUSSION OFRESULTS

C. Street_Corner We present averaged resultsadif measured locations.

In contrast to theStreet_Classi@nvironment, the receiver From the distribution of the incident power versus azimuth we
in RX32 was located near a street crossing close to a chufitd that street canyons force the long-delayed waves to come
(Fig. 20). The top view of the ADPS (Fig. 21) shows the smaltom the directions of the streets, but street crossings can cause
number of angular ranges that dominate this environment. kdditional signal components. For smaller delays (typicaly
vestigating the five strongest incident waves (Table II) revedsd us) local scatterers, typically uniformly distributed in az-
that waves #4 and #5 are traveling along the street, both withuth, contribute to the power spectra. These nearest scatterers
small elevation. Wave #1 is diffracted at the street corner or rean be modeled to lie within a circular disc. The signal compo-
flected at the church. Wave #3 is incident from the direction ofents with larger delay are in general confined to the directions
the cutoff street corner (Fig. 20). In the ADPS we find mangf the street. From the averaged ADPS (Fig. 22) we see that
waves with slightly larger azimuth than wave #3, with delaythe scatterers are distributed on a rectangle [22]. Here we did
ranging from Ous to 8.s. Here the street corners evidently aatot include the locations near street crossings. If the receiver is
as edges at which many waves are diffracted before they findibcated near a street crossing, the intersecting streets act as aper-
reach the receiver. tures. An ADPS averaged over situations near street crossings
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20 wmv= Jakes specirum

4 street 3 05 0 25 1
T direction v

Fig.23. Averaged ADPS4. (¢, 7), of theincoming waves. We averaged overFig. 26. Averaged Doppler-variant impulse responsB(r), of all
all scenarios in the environment clé8seet_Corner street-dominated locations. solid line Streef dash-dotted ... theoretical
Jakes spectrum.

» Awave isreflected on afar 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 azimutland thesame elevationbut with dif-
ferent delays (Fig. 14). Evidently, the urban environment pro-
Fig. 24. Averaged EDPE, (9, 7) of the incoming waves. We averagedVid€S numerous waves that have undergone various delays be-

over all scenarios in street environments, including the environment clas$ese reaching a final dominant scatterer that directs them to the
Street_Classic, Street_Far Echaasd Street_Corner 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.

VIIl. CONCLUSION

The evaluation of wide-band array measurements at the po-
. sition of mobiles turned out to be an important tool for under-
E(9) standing the propagation mechanisms in the urban mobile radio
channel. Especially the good resolution in delay (33 ns) and
it o e e o, mingne anirom gl (On the rder o of e mproved ESPRIT based method
g?/afsgseStrz\é?iglasslcStreet_Far Echogsand Stree}_Cornerg'rhe dashed Sﬂows to determine an _angle resolved _ImpU|Se res_ponse_ con-
line represents the vertical antenna pattern af/a monopole mounted on a Sisting of numerous partial waves reaching the mobile station.
infinite conducting plane. The results showed that in street dominated environments the
scattering distribution isot onlycircular as assumed by many
(Fig. 23) also includes significant contributions from directionshannel models (e.g., [19], [20]). The distribution of waves with
other thanp = 90° and¢ = 270°. small delay contrasts that with long delay. For small delay, local
The distribution of the elevation angles has a similar shapletails in the vicinity of the mobile, e.g., a nearby-parked van
in all street dominated environments. Fig. 24 shows tland building structures, influence the angular resolved impulse
averaged EDPS for the environment cl&seet including response. In contrast, the signal components with large delay de-
Street_Classic, Street Far Echoasd Street_CornerA gen- pend more on the global characteristic of the environment, e.g.,
eral trend is that the elevation decreases with increasing delagtrong reflector like a high-rise building. In the metropolitan
Especially in streets with homogeneous building height theban area investigated, we found many scenarios with signifi-
fast decay of elevation over delay is evident. The averagednt excess delay, while the azimuthal spread was not large. We
EPS (Fig. 25) reveals that the strongest components trageh model this situation with a rectangular scatterer distribution.
horizontally, while waves traveling over the roofs significantlyrrom our analysis, we conclude that these results are consistent
contribute to the overall signal (on average more than 65% wfth the canyon effect that favors propagation in narrow angular
the energy are incident with elevatigh> 10°), even though ranges centered around the street direction. Near street cross-
the pattern of the monopole antenna attenuates waves incidags, which present an aperture to the mobile, the situation may
from large elevations. be different. Depending on the distance between the mobile and
We also identified waves that are incident from large elevéiie nearest street crossing, additional directions may appear that
tionsandwith large delay (Fig. 14 and Fig. 18). Evidently suclare not perpendicular to the street direction.
echoes can only be explained by multiple reflections/diffrac- The elevation of the incident waves made clear that in macro
tions. Generic situations where multiple reflections may occuell environments in NLOS situations propagation over the roof
are: presents a significant portion of the total received energy. We
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found significant coupling of often multiply reflected/diffracted [g]
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-[9]
sible only by the analysis of theint information of delay, az-
imuth and elevation of the incident waves. [10]

The averaged power distributions presented for the various
environment classes will allow to validate and configure channe%J

. o 2 11]
models that include directional components. We willimplemen
the obtained results in our geometry-based stochastic channel

model (GSCM [22], [23]) in a later work. 12

APPENDIX

We demonstrate why the data estimation ef?@ £ is a mea- [13]

sure for the accuracy of the estimatefof Inserting the under-
lying modelx = Ae [13] and (7) in (9) yields

[14]
i —xlls _

[(AAY —T)Ae],
B3[P

1|2

DEE = [15]

(13)

Using[|(AAT —T)Ae|> < [(AAT —T)A|)z[le||; we obtain 1]

(AAT —DA|[le|l2 17

112

DEE < I (14)

[18]
which shows thaDEE will be small indeed ifA ~ A. This 19
follows from the fact thaP = AA+ — I is the projection onto
the null space oA, which, in turn, is the null space ot for
A = A. Using the orthogonality of the range spacefofand
the null space ofA establishes thabD F'E is a measure for the
quality of the estimate oA..

[20]

[21]

ACKNOWLEDGMENT [22]

The authors would like to thank A. F. Molisch for his critical
reading of the manuscript and H. Bdlcskei for his help in the
derivation of the data estimation error.

REFERENCES [23]

[1] J. H. Winters, “Smart antennas for wireless systeniSPE Personal
Commun. Mag.pp. 23-27, Feb. 1998.

[2] R.B. Ertel, P. Cardieri, K. W. Sowerby, T. S. Rappaport, and J. H. Reed,

“Overview of spatial channel models for antenna array communication

systems,'IEEE Personal Commun. Magp. 10-22, Feb. 1998.

U. Martin, J. Fuhl, I. Gaspard, M. Haardt, A. Kuchar, C. Math, A. F.

Molisch, and R. Thomé&, “Model scenarios for direction-selective adap-

tive antennas in cellular mobile communication systems-scanning the

literature,” Wireless Personal Commun. 11—Special Issue SDdA

109-129, 1999.

K. l. Pedersen, P. E. Mogensen, and P. H. Fleury, “Power azimuth sp¢

trum in outdoor environmentsihst. Elect. Eng. Electron. Lettvol. 33,

no. 81, pp. 1583-1584, Aug. 1997.

U. Martin, “Spatio-temporal radio channel characteristics in urba

macrocells,”Proc. Inst. Elect. Eng.—Radar, Sonar Navigatioml.

145, no. 1, pp. 42-49, Feb. 1998.

[6] J. Fuhl, J.-P. Rossi, and E. Bonek, “High-resolution 3-D direction-of
arrival determination for urban mobile radidEEE Trans. Antennas
Propagat, vol. 45, pp. 672-682, Apr. 1997.

[7] A.J. Levy, “Fine structures of the urban mobile propagation channel,
in Proc. CommsphereHerzliya, Israel, Dec. 1991, pp. 5.1.1-5.1.6.

(3]

(4]

(3]

145

K. Rizk, R. Valenzuela, and F. Gardiol, “Lateral, full-3D and vertical
plane propagation in microcells and small cells,” presented at the Proc.
48th IEEE Veh. Technol. Conf., VTC, Ottawa, ON, Cananda, May 1998,
pp. 998-1003.

COST 231: Urban Transmission Loss Models for Mobile Radio in the
900 and 1800 MHz Bands (Revision Zhe Netherlands: Commission
Eur. Union, Sept. 1991. in COST 231 TD(90) 119 Rev. 2, Den Haag.
E. Damosso and L. M. Correia, EdDjgital Mobile Communica-
tions—The View of COST 23lLluxemburg: Commission Eur. Union,
1999.

A.J. Levy, J.-P. Rossi, J.-P. Bardot, and J. Martin, “An improved channel
sounding technique applied to wideband mobile 900 MHz propagation
measurements,” iRroc. 40th IEEE Veh. Technol. Conf., V]T@rlando,

FL, May 7-10, 1990, pp. 513-519.

B. Fleury, D. Dahlhaus, R. Heddergott, and M. Tschudin, “Wideband
angle of arrival estimation using the SAGE algorithm,"lEEE Conf.
Proc. Int. Symp. Spread Spectrum, Tech., Applicat. (ISSHTainhz,
Germany, 1996, pp. 79-85.

C. Brunner, M. Haardt, and J. A. Nossek, “Efficient high-resolution 3-D
channel sounding to determine realistic directional simulation models
for smart antennas,” presented at the Proc. ITG-Diskussionssitzung,
Kaiserslautern, Germany, Dec. 1997, pp. 102-106.

M. Wax and T. Kailath, “Detection of signals by information theo-
retic criteria,” IEEE Trans. Acoust., Speech, Signal Processird.
ASSP-33, pp. 1123-1129, Apr. 1985.

M. D. Zoltowski, M. Haardt, and C. P. Mathews, “Closed-form 2-D
angle estimation with rectangular arrays in element space of beamspace
via unitary ESPRIT,”IEEE Trans. Signal Processingol. 44, pp.
316-328, Feb. 1996.

T.-J. Shan, M. Wax, and T. Kailath, “On spatial smoothing for direc-
tion-of-arrival estimation of coherent signaldEEE Trans. Acoust.,
Speech, Signal Processingl. ASSP-33, pp. 806-811, Aug. 1985.

G. H. Golub and C. F. van LoanMatrix Computations Baltimore,

MD: John Hopkins Univ. Press, 1983.

R. H. Clarke and W. L. Khoo, “3-D mobile radio channel statistics,”
IEEE Trans. Veh. Techvol. 46, pp. 798-799, Aug. 1997.

W. C. Y. Lee, “Effects on correlation between two mobile radio base
station antennasJEEE Trans. Communvol. 21, pp. 1214-1224, Nov.
1973.

J. J. Blanz and P. Jung, “A flexible configurable spatial model for mo-
bile radio channels,[EEE Trans. Communvol. 46, pp. 367-371, Mar.
1998.

A. Kuchar, E. Aguilera Aparicio, J.-P. Rossi, and E. Bonek, “Azimuth,
elevation, and delay of signals at mobile station site,Vimginia Tech
Symp. Wireless Personal Communicatidiacksburg, VA, June 10-12,
1998, pp. 99-110.

A. F. Molisch, J. Laurila, A. Kuchar, and R. Schmalenberger, Test sce-
narios for mobile radio systems with adaptive antennas, in Proc. ITG
Fachtagung, Wellenausbreitung bei Funksystemen und Mikrowellensys-
temen, Oberpfaffenhofen, Germany, May 1998. see also A. F. Molisch,
A. Kuchar, J. Laurila, K. Hugl, and R. Schmalenberger, Geometry-based
directional model for mobile radio channels—Principles and implemen-
tation, submitted t&ETT European Transactions on Telecommunica-
tions

J. Fuhl, A. F. Molisch, and E. Bonek, “A unified channel model for mo-
bile radio systems with smart antenndsst. Elect. Eng. Proc.—Radar,
Sonar Navigationvol. 145, no. 1, pp. 32—41, Feb. 1998.

Alexander Kuchar (S'96) was born in Vienna,
Austria, in 1971. He received the Dipl.Ing. degree
(highest honors) in electrical engineering from the
Technische Universitat Wien, Vienna, Austria, in
1996. He is currently working toward the Ph.D.
degree at the Institut fir Nachrichtentechnik und
Hochfrequenztechnik of Technische Universitat
Wien, where he is a member of the Mobile Com-
munciations Group.

His main research interests are in signal processing
for smart antennas for mobile communication sys-

tems, directional channel modeling, and microstrip antenna arrays.



146 IEEE TRANSACTIONS ON ANTENNAS AND PROPAGATION, VOL. 48, NO. 2, FEBRUARY 2000

Jean-Pierre Rossiwas born in Marseille, France, on

October 29, 1959. He received the Ph.D. degree frot
the Laboratory of Electromagnetics and Applied
Mathematics, University Aix-Marseille IIl, France,

in 1988.

He joined the CNET (Centre National d'Etudes
des Télécommunications) in October 1988 to stud:
UHF radio-communication channel. A particular
interest was paid to ray theory and its implementa

Ernst Bonek (M'73—-SM'85) was born 1942, in Vi-
enna, Austria. He received the Dipl.Ing. and Dr.techn.
degrees (highest honors) from the Technische Uni-
versitat Wien (TU Wien), Vienna, Austria.

In 1984, he was appointed Full Professor of Radio
Frequency Engineering at the TU Wien. His field of
interest is mobile communications at large. Recent
contributions concern smart antennas, the character-
ization of mobile radio channels, cordless telephony,
tion in urban environment. Since March 1995, hqg and advanced antennas and receiver designs. He au-
has been in charge of a research group on physica thored or coauthored some 100 journal publications.
modeling for radio-mobile propagation in the same company. He holds four patents and six more applications on mobile radio technology are

pending.

From 1985 to 1990, he served the IEEE Austria Section as a Chairman. From
1991 to 1994 he was a council member of the Austrian Science Fund, acting as
speaker for engineering sciences. From 1996 to 1999 he served on the Board of
Directors of the reorganized Post and Telekom Austria. He participates in the
European research initiative COST 259 as chairman of the working group on
Antennas and Propagation. In URSI, he is presently chairman of Commission C
Signals and Systems. He is an area editWiéless Personal Communications

ST



