IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 49, NO. 2, MARCH 2000 437

A Stochastic Model of the Temporal and Azimuthal
Dispersion Seen at the Base Station in Outdoor
Propagation Environments

Klaus Ingemann Pedersen, Preben E. Mogensen, and Bernard H. Fleury

Abstract—A simple statistical model of azimuthal and temporal properties of the channel therefore have an enormous impact
dispersion in mobile radio channels is proposed. The model in- on the performance of antenna array systems and, hence, need

cludes the probability density function (pdf) of the delay and az- -y pe \ye|l characterized in order to make it possible to design
imuth of the impinging waves as well as their expected power con- fficient radi icati i in the fut
ditioned on the delay and azimuth. The statistical properties are ex- eflcient radio communication systems in the future.

tracted from macrocellular measurements conducted in a variety At present, generally accepted wide-band radio channel
of urban environments. It is found that in typical urban environ-  models [3]-[6] characterize only temporal dispersion and are

ments the power azimuth spectrum (PAS) is accurately described therefore considered to be too simple to test advanced antenna
by a Laplacian function, while a Gaussian pdf matches the azimuth 55y systems, since the azimuth dispersion is missing. Previous

pdf. Moreover, the power delay spectrum (PDS) and the delay pdf g : . . .
are accurately modeled by an exponential decaying function. In studies of azimuth dispersion at the BS have either been based

bad urban environments, channel dispersion is better character- ON measurements or simple geometric models [7]. Estimates
ized by a multicluster model, where the PAS and PDS are modeled of the azimuth spread obtained in different environments are
as a sum of Laplacian functions and exponential decaying func- reported in [8]-[10]. Simple analytical two-dimensional (2-D)
tions, respectively. models have been proposed in [11] and [12], and a more
Index Terms—Antenna arrays, azimuth dispersion, directional advanced three-dimensional (3-D) single scattering model
channel model, propagation model. which takes the antenna height into account is reported in [13].
However, most of these models still need to be validated by
measurements.
_ ) S In this study, a simple stochastic radio channel model is
DVANCED diversity and spatial filtering schemes arE‘roposed which includes both temporal and azimuthal disper-
some of the potential techniques which can significantlyion, Functions which characterize the random behavior of
increase the capacity of terrestrial cellular systems. Indegfe model parameters are extracted from experimental data
implementation of antenna arrays at the base station (BRjlected during extensive measurement campaigns in Aarhus,
is expected to yield a significant capacity gain [1], [2]. Th@enmark, and Stockholm, Sweden. We have classified these
optimum antenna array topology and combining algorithgironments as typical and bad urban macrocellular. The
are strongly related to the behavior of the radio channel apthdel parameters are extracted from measurements performed
especially to its azimuth dispersion. As an example, if cORt elevated BS antennas only. Notice that there is a fundamental
ventional beamforming techniques are applied, the beamwidfffrerence between azimuth dispersion observed at an elevated
should be adjusted in such a way that it captures most of 188 and a mobile station (MS) even though the propagation
impinging power, i.e., the beamwidth should be adapted ¢pannel is assumed to be reciprocal. It is often assumed that
the degree of azimuth dispersion in the channel. If the ga@k incoming azimuthal field distribution at the MS can be
is to steer a null in the direction of an interfering user, thg,qdeled by a uniform probability density function (pdf) as
required null width is also determined by the extent of azimutfiscussed in [14]-[16], among others. This model is commonly
dispersion. Azimuth dispersion furthermore determines th@ied Clarke's model. At an elevated BS, the incoming field
correlation between the output signals at two specific spatially expected to be more concentrated in azimuth since the
separated antennas and consequently the ability to mitigate {88t antenna is located well above surrounding scatterers [8].
fading by means of antenna diversity techniques. The spatife consequences of these differences are discussed more
thoroughly within the paper as the results are presented.
The paper is organized as follows. In Section Il, the radio
Manuscript received April 25, 1998; revised June 24, 1999. This work wghannel model is outlined. The measurement system, the signal
supported by the Danish Technical Research Council, the European Union . .
(ACTS, TSUNAMI 1), Nokia Telecommunications, and Ericsson Radid’fOC€ssINg method used to estimate the channel parameters, and
Systems AB. the investigated environments are described in Section Ill. Sec-
_The authors are with the Center for PersonKommunikation, Aalborg Univefinns [\V—VI| present the results from the extensive measurement
sity, DK-9220 Aalborg, Denmark (e-mail: kip@cpk.auc.dk; pm@cpk.auc.dléampaignS and finally some concluding remarks are given in
bfl@cpk.auc.dk). . )
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Base station Based on the proposed model, let us define the instantaneous
with M antennas .
(Receiver) power azimuth-delay spectrum to be
Y‘(t)—T L 25
Y(t)—j {o 702 Z |CY@| (/) (/)év T = Té) (4)
J T—u(t) where| - | denotes the absolute value of the argument. Notice
Yt Mobile station that the terminologwpectrumis adopted according to Proakis
(Transmitter) [17]. From (4) the power azimuth-delay spectrum is defined as
Fig. 1. lllustration of the used signal model with= 3 waves. P(d), 'r) _ E{P[((/), 'r)} (5)
Il. STOCHASTIC MODEL whereE{-} denotes expectation. The power azimuth spectrum

Due to multipath propagation in the radio channel, sevedgas) )aggcg]rzlﬁgvfg r delay spectrum (PDS) are derived from

replicas of the transmitted signal are received from different

rections and/or with different time delays as illustrated in Fig. 1.
Thus, the received baseband signal vector sensed by an uniform /P ¢, (6)
linear antenna array can be expressed as
= | P(¢,7)dp. (7)
Zaéc do)u(t — 7¢0) + N(2). @) /

The subscriptsd and D refer to azimuth and delay domain,

respectively. Let us furthermore define the azimuth spread (AS)
The components inY(t) = [Yi(t),Ya(t),---,Yu(t)]" o, astherootsecond central momenff(¢) [8] and the delay
are the signals at the output of th& antenna elementsspread (DS)yp as the root second central momentzos ()

and u(t) is the transmitted sounding signal. The mathg17]. The joint pdf of the azimuths and delays is denoted by
matical notation[-]?" denotes transposition. The parameters(, 7). Their marginal pdf's are

ae, Te, and ¢, are the complex amplitude, delay, and inci-

dence azimuth of théth impinging wave, respectively. The , :/ d 8
number of impinging waves i€.. The array steering vector fal#) f(g,r)dr ®)
is expressed ag(¢) = [ci(d),ca(d), -, camr(P)]F, with

Cn(P) = fu(p)exp[—j(im — 1)27rd/)\sm</)] where f,..(¢) _/

is the complex field pattern of theuth array element{ is the To(r) = [ H¢:7)d¢ ©)

element spacing, and is the wavelength. The components
pacing g P and their variances are denoted &% and &%, respectively.

= [N.(t), N. N T
gfsérl](:ngglsg \geeCtﬁ]I;égend e[ntlt(:gmpIQeEx) Whrte Jé;g]ssr :rr]en OIi%saesed on these definitions, the conditional power azimuth-delay

processes with identical power density. The sum in (1) can B@ectrum can be expressed as
rewritten as an integral according to

P(p,7|a) = ZE{|W|2}5(¢ —¢e.m—1)  (10)

// wt—7)drdp+N(E) (2) ¢=1
_ wherea = [L, ¢y, 71, ¢2, 72, - -, ¢r, 7). From (10), the un-
with conditional power spectrum is easily derived as
I
=D _ b9 = e, m =70, @ P@.7IL) ZE{M | e = ¢me = TH (¢ )  (11)
{=1
Extending Bello's terminology [9], we call ¢, 7) the azimuth- )
delay spread function of the channel. It should be emphasized ~ F(¢;7) = E{L}E{|a|*[ ¢, T} f(¢,7) (12)
thath(¢,7) is time variant since it changes as the MS moves. x E{|a*| ¢, 7} f(,T) (13)

However, to simplify the notation we have omitted this depen-
dency. All parameters in (3) are random variables. Randomyhere
ness occurs since the constellation of the impinging waves is

likely to change as the MS moves. Henaégp, 7) is a random E{lal?|¢,7} = E{|lae|’ | e = ¢, e = 73,

process which is entirely described by the joint pdf of its random forte[1,2,---,L] (14)
parameters. We furthermore assume that the random vectors

[a1, 71, ¢1], [z, 72, P2], - - -, [, 71, ¢1.] @re independent andis the expected power of the waves conditioned on their azimuth

identically distributed. and delay. The notatiom o« b means that the two termsand
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b are proportional. From (13), the power azimuth-delay spec-
trum is proportional to the conditional expected power of the
waves multiplied by the azimuth-delay pdf. Similarly, the PAS
and PDS can be expressed as

Pa(¢) o E{|al* | ¢} fa(e) (15)

Pp(r) o< E{]af?| 7} fp(7) (16)

whereE{|a|? | ¢} and E{|a|? | 7} are the expected powers of
the waves conditioned on their azimuth and delay, respectively. #=
In the fO”OWing P(T’ d))’ PA(d))’ PD(T)’ fA(d))’ fD(T)a
E{|la?| ¢}, E{|a|?|7}, and the cumulative distribution
function (cdf) ofe 4 andop are determined experimentally. In
the experimental analysis, we need to compute an estimate of . ) )
the expectation in (5). Estimates B{¢, 7) in (5) are obtained third-generation cellular system [18]. T_he received signals at
by averagingP;(,7) over a distance of00) corresponding the output of the antenna array are simultaneously sa_mpled
to 16 m at a carrier frequency of 1.8 GHz. Notice that in theveryls = T./2 = 122 ns and recorded for further off-line
current study, we only investigate the dispersive behavior gfocessing.
the radio channel seen from the BS antenna. Other import@qt

propagation mechanisms such as fast fading, slow fading, path )
loss, etc., are not considered in this paper. One of the urban measurement campaigns was conducted

in Aarhus, Denmark, which is an area characterized by build-
ings ranging from four to six floors and an irregular street grid.
No buildings are significantly higher than the average building
A. Stand-Alone Testbed height. Measurements were carried out every half wavelength
The measurement campaign was conducted by using tA¢2 = 80 mm) along six different routes having an average
wide-band stand-alone testbed developed within the Européangth of 2 km. All measurements were repeated twice with the
Union funded research project ACTS, TSUNAMI |l (TechBS antenna mounted at two different heights: 20 and 32 m. The
nology in Smart antennas for UNiversal Advanced Mobillowest height corresponds to the average rooftop level of the
Infrastructure, Part I1) [2]. The setup consists of a BS equipp&drrounding buildings. In most cases, there was no line-of-sight
with an eight-element uniform linear antenna array and a MEOS) between the MS and BS.
with an omnidirectional car-mounted antenna. The BS antenndJrban measurements were also collected in Stockholm,
array (see Fig. 2) is constructed of vertically polarized dipo@weden. In the investigated areas buildings are between
elements mounted in front of a ground plane. There is a totalfetir—six floors tall and placed on a slightly rolling terrain. The
10 x 4 elements (horizontad vertical) where the four vertical BS antenna was mounted 21 m above ground level, which
elements in each column are passively combined in orderaerresponds to the average rooftop level of the surrounding
achieve a larger antenna gain. The horizontal element spadatgdings. Measurements were performed with the BS antenna
is half of a wavelength. The two outer element columns ap®inting in two different directions as shown in Fig. 3. Here,
terminated to a passive load in order to obtain an approximatég direction of the antenna array refers to the direction per-
uniform coupling across the array elements, i.e., to reduce @ndicular to the array elements, i.e., the broadside direction.
edge effects. The resulting array structure has a front-to-bdekection #1 covers an area which is a mixture of a densely
ratio in excess of 28 dB so the well-know180° ambiguity built-up zone and an open flat area represented by the river.
problem in the azimuth estimation can be neglected in practiceWe classify Aarhus and Stockholm (direction #2) as typical
[2]. The MS is equipped with a differential global positioningirban environments, since time dispersion in these areas is sim-
system (GPS) and an accurate position encoder so its locatin to that of the COST207 typical urban model [6]. Time dis-
is known at any time during the measurement campaign. Thersion in Stockholm (direction #1) is similar to that of the
system is designed for uplink transmission, i.e., from the MGOST207 bad urban environment, so we will refer to this area
to the BS. Simultaneous channel sounding is performed on @&$ bad urban. In the sequel, all results obtained from the Stock-
eight antenna branches which makes it possible to estimh@m measurements are implicitly referring to direction #2 (typ-
the azimuth of the impinging waves at the BS, since all eigital urban), unless explicitly mentioned.
receiver branches are fully calibrated. The sounding sigtal
is a maximum length linear shift register sequence of leng
K = 127 chips. The testbed operates at a carrier frequency ofThe parameters of each impinging wave in (3) are estimated
1.8 GHz and the chip rate equdlgZ., = 4.096 Mcps. Thus, from the received baseband signal vect®i¢) by using
the bandwidth of the sounding signal is comparable to thlee space alternating generalized expectation maximization
bandwidth used by the recently selected wide-band CDMAGE) algorithm [19]. Basically, this scheme provides a

Fig. 2. Picture of the 1 4 element antenna array.

Investigated Environments

I1l. M EASUREMENT CAMPAIGNS

g‘h Estimation of the Channel Parameters
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Fig. 3. Map of Stockholm downtown.

computationally efficient method for calculating the maximum
likelihood estimate of the wave parameters. The application of -2
the SAGE algorithm for channel estimation is outlined in [20],

-4 p

[21]. In order to enhance its resolution ability, the Doppler Stockholm \'\\ \
frequency of the waves is also estimated [20]. The SAGE JV \\1 ’ d\ﬁ
algorithm requires detailed knowledge of the response of the _ s ¥ A

measurement system in order to return accurate estimates OTB 10 L ‘
the wave parameters. For this purpose, the complex radlat|0n3 | N \/\
pattern of each array element has been measured in an anechoi -2 b M i
chamber. The impulse response of the measurement equipmen _14 .

has also been measured by connecting the transmitter and the

i

i

I———
-
T
=]
JE N

-16

receiver with a cable. Both the measured radiation patterns P, ] } ﬁ\lzw:ite ) ﬁM
and the impulse response have been included in the SAGE 81} \/m Uu position .Uu'v
algorithm. 20 AL/ A k
-30 -20 -10 0 10 20 30
Azimuth [°]

Fig. 4. Example of estimated PAS obtained in Aarhus and Stockholm.
IV. POWER SPECTRA

corresponds to the azimuth towards the MS. In both cases the in-

cident power is highly concentrated arourfdé¥en though the
Two examples of the estimated PAS from measurementsnreasurements are obtained in a non-LOS situation. This indi-

Aarhus and Stockholm are illustrated in Fig. 4. The azimith @ates that a significant fraction of the received power propagates

A. Power Azimuth Spectrum
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Fig. 6. Estimated PDS obtained in Aarhus and Stockholm. Sampletire

Fig. 5. Empirical cumulative distribution function of the estimated AS’s. 122 ns

from the MS to the BS via rooftop diffractions. Itis furthermore

observed that the Laplacian function The AS is slightly higher in Stockholm compared to that ob-
tained in Aarhus for the low antenna position although the an-
9] tenna height was almost identical in both cases. The higher AS
P —V2— f —180°; +180° . . . .
al#) o eXp( V2 o)’ org €| i+ ] is conjectured to result because the environment in Stockholm

(17) s slightly more densely built up.
matches the estimated PAS for signal levels higher thEhdB.

Notice thats ~ o4 under the assumption thaf; < 180°. For g power Delay Spectrum

larger values of the AS; 4 < o since the Laplacian function in h has b . . d . v i
(17) is truncated. Due to the limited dynamic range of the mea- ' e PDS has been investigated experimentally in numerous

surement system, itis not possible to determine whether the Pﬂgdies "’_‘nd is therefore only shortly discu§s_ed here. In accor-
continues to decrease for large azimuths in accordance with fai1ce With [3], [4], and [6] among others, it is found that the
tails of the Laplacian function. Additional PAS estimates frorh D> IS accurately modeled by a one-sided exponential decaying

measurements made in Stockholm and Aarhus also supportffHECt'on’ &,

thesis that the PAS is accurately modeled by a Laplacian func-

tion. Previous published results suggest to model the PAS with a Pp(r) x { exp(—7/op), forr >_O (18)

truncated Gaussian function [24]. However, a comparison of the 0, otherwise

goodness of fit of the Laplacian and Gaussian function shows

that the former gives the best match [22], [23]. wherecp, is the DS as defined in Section IlI. Fig. 6 shows some
The AS has been estimated for eveé®) \ segment along the examples of PDS estimated from the measurements made in

different measurement routes in Aarhus and Stockholm (diresarhus and Stockholm. The estimated PDS are shifted on the

tion #2). The empirical cdf of the estimated AS is reported idelay axis so their maxima corresponds-te 0. It is observed

Fig. 5 for different antenna heights. It can be observed that ttheit the one-sided exponential function closely matches the de-

AS changes significantly, but the shape of the PAS still followsaying behavior of the experimental curves#as 0 and power

a Laplacian function. In the proposed channel model, the PA&els above—20 dB. Outside this region other models may

is therefore implicitly assumed to be conditioned on the AS fapply, e.g., the power law suggested in [29]. The first part of the

everyl00X segment. It can also be concluded from the measui®bS forr < 0, where it increases towards its maximum is not

ments in Aarhus that the AS increases significantly when tldescribed by the exponential model and is simply neglected in

antenna height is reduced. The 50% quantile of the AS equtis modeling. The well-known exponential model for the PDS

5° and 10 for the high and low antenna positions, respectivelis therefore adopted in the proposed channel model.

Similarly, the 90% quantile of the AS equals°ldnd 23, re- The DS has been estimated for evéfp) segment along

spectively. The average received signal power drops at the sahmmeasurement routes in Stockholm and Aarhus. Fig. 7 shows

time by 8 dB. This loss is caused partly by an increased degtee empirical cdf of the estimated DS’s. It can be seen that the

of obstruction between the MS and BS, which also explains tBeS increases significantly as the antenna height is reduced in

larger AS. The higher AS observed when the antenna heightarhus. The 50% quantile of the DS equals ps4and 0.85:s

low results in a larger decorrelation between the signals at thee the high and low antenna positions, respectively, while the

output of the antenna array compared to the high antenna p&l% quantile DS equals 1.2 and 2,38 respectively. Thus, the

tion [10] and [25]. This result complies with Lee's model, whiclDS increases by approximately 50% when the antenna is low-

predicts that the correlation between two horizontally separateed 12 m to the rooftop level. The same trend is reported in [28].

antennas decreases as the antenna height is reduced [25]. For comparison, the DS of the generally accepted COST207
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Fig. 7. Empirical cumulative distribution function of the estimated DS’s.  Fig. 8. Scatter plot of the estimated AS’s and DS’s obtained along the
measurement routes in Stockholm (direction #2) and Aarhus.

typical urban model equals jis [6]. The estimated DS’s ob- whereAr = 0.5 us. Similarly, the partial PDS at azimughis
tained in Stockholm and Aarhus with the low antenna positigfefined as

are of the same order.
d+Ad

Po(r;) = / P(¢/7) dff (21)

C. Power Azimuth-Delay Spectrum @

A comparison of the results in Sections IV-A and B show§hereA¢ = 5°. The estimated partial PAS and PDS obtained
thatthe estimated AS’s and DS’s are strongly related. In Aarhd@l 0ne100A segment in Aarhus are plotted in Fig. 9 forc
both DS and AS are found to increase significantly as the df-S 0-5 1S, -+ -, 2.0 ug and¢ € [-12.5%, =7.5%, - -, 7.5°]. All
tenna height is reduced, and they are slightly higher in Stodk@rtial spectra are normal!zed SO their maximum corresponds to
holm compared to Aarhus. This indicates that the mechanisfh8 dB- A Laplacian function with T1AS and an exponential
leading to temporal and azimuthal dispersion are correlated fyiction with 0.6,:s DS are also plotted for comparison. The
scatter plot of the estimated DS's and AS's is shown in Fig. 8 f@rtial PAS corresponding to large valuesraére close to the
N = 187 different 100\ segments of the routes in both stockLaplacian function down te-10 dB, while those corresponding

holm and Aarhus. The correlation coefficient between the esif- short delays follow the Laplacian function down-d6 dB.
mated DS’s and AS’s is computed as All estimated partial PDS exhibit the same trend described by

the exponentially decaying function for> 0. Since the shape
N ~ ~ of the estimated®4 (¢; 7) andPp (7; ¢) are invariant withr and
> neiloaln] —54)(opln] — 5p) (19) ¢, respectively, we can assume that

p =
N _ N n_ =
VENL(@al] =~ ) X s(onl] - o0 Pa(¢;7) x Pa(¢) and Pp(rid) x Po(r).  (22)

where o5[n] and o 4[n] are the estimated DS and AS, reln practice, the selected values Afp and At are sufficiently
spectively, for thenth segment, whilezp and 54 are the small so from (22) the power azimuth-delay spectrum can be
sample means of the estimated DS’s and AS's, respectivélgcomposed as

The correlation coefficient of the scatter plot in Fig. 8 is

computed to bep = 0.72. The linear regression line is found P(¢,7) o Pa(#)Pp(7).

to beop = (0.0580, +0.12) [ps], wh.ereo—A IS ex.pressed n d\lf)tice that (23) does not imply that the mechanisms leading to
degrees. The root-mean-square residual error is computed 10 . ) . .

. . . . azimuth dispersion and delay dispersion are uncorrelated. Re-
be 0.18.s, which indicates that the linear regression yleldséa Il that implicitly P.(¢) is conditioned on the AS angty ()
reasonable approximation. These results furthermore indicsfe PlCTy PAT

that the potential space and frequency diversity gains are highl conditioned on the DS. For a specific power azimuth-delay
correlatgd [25] P d 4 ya gsﬁ’ectrumaA andop are fixed, but the paifo 4, op) changes

In order to gain further insight in the behavior of the pow frro.m onel00A segment to another. This means Fhat n & simu-

. ) . anon, o4 andop must be selected randomly while taking into
azimuth-delay spectrurf?(¢, 7), let us define the partial PAS account the correlation between them. The same conclusion can
at delayr as be drawn from investigations of many othEIOA segments in

both Aarhus and Stockholm. Notice that, Spereteal. apply

THAT a similar decomposition for an indoor propagation environment
Pagir)= [ Plor)ar 20) Ty

(23)



PEDERSENet al: STOCHASTIC MODEL OF TEMPORAL AND AZIMUTHAL DISPERSION

e

T
Laplacian function (@)

LA

Power [dB}
S

2% 20

0
Azimuth [°]

10

T
....... Exponential dec;

T
aying function

N

(=]
F—
F——

Power [dB)
@
=

M

< m
\\“

il

-5 0 5

10 1
Relative Delay T/T,

20

25

30

443

| Gaussian function, std=6°
250 Py

AT

200

Occurence Rate

150 Z— K

100 /_
—f _X_
50 &l —
= . Hﬁfjrﬂﬂﬂﬂmn [
—85 -20 -15 -10 - 10 15 20 25

5 0 5
Azimuth [°]

Fig. 10. Histogram of the estimated azimuths obtained in Aarhus with the
antenna located 12 m above the rooftop level.

freedom, wheré: = 25 is the number of considered azimuth
intervals andm = 2 is the number of estimated parameters
(mean and variance of the Gaussian function). #halue is
computedtobe = P{x7_,,_; > T} = 0.83. Thus, for acon-
fidence level larger than 0.83, the hypothesis that the azimuths
are Gaussian distributed is rejected. From an engineering point
of view, thep value is sufficiently high so that we can approxi-
mate f4(¢) by a Gaussian pdf. The Gaussian pdf is also found
to yield an accurate description of the azimuth histogram ob-
tained in Stockholm and Aarhus with the low antenna position.
Comparing the results in Fig. 10 with Clarke's model, which
assumes an uniform azimuth pdf at the MS, it is observed that

Fig. 9. Typical partial power spectra: (a) partial PAS at different delays atf@€re is a major difference between the azimuth pdf at the BS
(b) partial PDS at different azimuth&'( = 122 ns).

and the MS [14]. Consequently, the spatial correlation functions
at the BS and MS also differ [10]. For two spatially separated

Notice that the proposed decomposition of the power aéntennas to be Uncorrelated, half of a Wavelength is norma”y
imuth-delay spectrum in (23) has been validated for typickgduired at the MS [14], [15], while 10-20 wavelengths are re-

urban environments only. For other classes of environmerfiélired at an elevated BS antenna depending on the AS [25].
such as bad urban, the decomposition might be invalid asThe relation between the standard deviation of the azimuths

argued in Section VII.

V. PROBABILITY DENSITY FUNCTION OF THE
AZIMUTHS AND DELAYS

A. Probability Density Function of the Azimuths

Fig. 10 shows a histogram of the estimated azimuths obtairiéé proportionality factor is on the order of 1.23-1.42, so that in
in Aarhus for the high antenna position. The histogram is egenerals 4 is slightly higher thanv 4.
timated from several00A segments with approximately the

same AS, which in this case equals = (5 £ 0.5)°. Eac
bar represents an azimuth interval 6f The standard deviation

(64) and the AS(s4) is investigated in the following. The
pair {7.4,0.} is estimated for every00A segment along the
different measurement routes in Aarhus and Stockholm. Based
on these estimates, the proportionality factor between the two
quantities is obtained by using a least squares estimation. The
result of this analysis is shown in Table I. It can be observed that

h B. Probability Density Function of the Delays

Different models describing the pdf,(7) of the relative de-

computed from this histogram equals = 6°. A Gaussian lays have been published in the literature. Turin proposed to
function with this standard deviation is also plotted in Fig. 10nodel the delays as points generated by a nhonhomogeneous
The Gaussian function provides a good match, except for tReisson process [3] or a modified Poisson process based on a
tails of the histograni{|¢| > 12°). In order to test the hy- two-state Markov model. The latter model better characterizes
pothesis of a Gaussian azimuth pdf the chi-square goodnesslabtering of waves [4].

fit test is applied [27]. Thel’ statistics of this test are com-

Fig. 11 shows a histogram of the estimated delays obtained

puted by considering the intervgt12°; +12°] corresponding in Aarhus with the high antenna position. A visual inspection
to[—24.4;+25.4]. Thisinterval represents 95% of the estimaterkveals that the exponential function (solid curve) fits well to
azimuths assuming that they are Gaussian distributed.ZIThehe histogram for delays larger than zero. A chi-square goodness
statistic is chi-square distributed with— m — 1 degrees of of fit test has been applied to test the hypothesis that the delays
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450, TABLE |

| RELATION BETWEEN THE STANDARD

DEVIATION OF AZIMUTHS AND AS AND THE STANDARD DEVIATION OF
DELAYS AND DS

5
o
(=]

W
b
k=]

7
i

2 300 N | 1 Environments Ga ép
° Exponential decaying function

£ 250 K Aarhus, high antenna position | 1.3804 | 1.170p
I3

I

S 20 Aarhus, low antenna position | 1.4204 | 1.41lop

-
@
S
]

Stockholm, direction #2 1.2304 | 1.240p

g

/1

50

%" 5 Wﬂﬁﬂﬁzo 25 30 2 j‘,/ \\

10 15
Relative Delay /T, Aarhus,
high antenna position

Theoretical curve

A

Fig. 11. Histogram of estimated delays obtained in Aarhus with the antenna % 4 : I\ EK\
positioned 12 m above the rooftop level. H i V

s
lying within the intervalr /7, € [0, 1, - - -, 25] are exponentially £ A Dd YA
distributed. Thep value is computed to be = P{x3 ,. | > Y, /y \V\ i
T} = 0.78, with k —m — 1 = 26 — 1 — 1 = 24 degrees of N Lo ! %
freedom. Thep value is on the same order as that obtained for jv W‘\/IV ngﬁ\] \
the chi-square test for the azimuth distribution. Consequently, it - V/\V v
is reasonable to approximafe () by an exponential pdf with 10 V

-40 -30 -20 20 30 40

standard deviatioip. The exponential pdf also provides a good

approximation of the delay histograms obtained in Stockholm
and Aarhus with the low antenna position. Fig.12. Estimated conditional expected power versus azimuth. The theoretical

. ) ... function in (25) is plotted foF , = 1.38¢ 4.
The proportionality factor between the standard deviation =" In (25) is plotted for ., 74

op of the delays and the D&y; is investigated by estimating . ,

the pair{&p,op} for every100\ segment along the different.the approximation error bet\J/rveen (25) and Jtrhe estlmqted curve
measurement routes. The result of this analysis is summariZ&{£Ss tf12an 1.2 dB foep| < ¢y, FOr[d] > oy, the estimate

in Table 1. Here, the proportionality factor is on the order off £{la|”[#} is associated with a large uncertainty since only

1.17-1.41, so in general the standard deviation of the delay&{l€W waves are present at these azimuths as seen from Fig. 10.
found to be slightly higher than the DS. For implementation of a radio channel simulator it is therefore
suggested to truncate (25) so taf|«|?|¢} = E{|o|? | ¢}

for |¢| > ¢F. . This approximation also makes sense from a

physical point of view since the power is not suddenly expected
A. EXpeCtEd Power Conditioned on Azimuth to start increasing W|t|’M)|

The estimated expected power conditioned on the azimuthEstimates ofE{|«|* | ¢} have been obtained for many other
is illustrated in Fig. 12. The estimate is obtained by averagid§0x segments in both Stockholm and Aarhus, and an agree-
over several 00\ segments, where the AS is approximately th@ent similar to the one presented in Fig. 12 has been observed.
samecs = (5.0 £0.5)°. As a consequence of the model as- N
sumptions, the expected power conditioned on azimuth canBe EXpected Power Conditioned on Delay

0 10
Azimuth {°]

VI. EXPECTEDPOWER VERSUSAZIMUTH AND DELAY

expressed as The estimated expected power conditioned on delay obtained

from measurements in Aarhus is shown in Fig. 13. According
E{|a?| ¢} o< Pa(¢)/fa(d) (24) tothe proposed channel model in Section Il, the following rela-
P2 \/_|¢| tionship appliesE{|a|? | 7} < Pp(7)/fp(7). Assuming that
& eXP<?f21 - 2;) : (25) both Pp(7) and f () are exponential decaying functions, we

obtain

The second line results when the PAS is Laplacian and the az- ép —op

imuth pdf is Gaussian. Notice that the function in (25) exhibits E{laf?| 7} o« exp <_TW> . (26)

a local maximum at Dcorresponding to the direction towards
the MS and two local minima @', = v/26% /o1 and¢_,. = The function (26) is plotted in Fig. 13 farp, = 1.170p and

—V/26% /o 4. For azimuthgg| > ¢ , (25) increases rapidly o = 1.0 s according to the results in Table I. A visual inspec-
since the Gaussian functiorf,s (¢), converges towards zero.tion reveals that (26) fits the experimental curve withih.6 dB
The function (25) is also plotted in Fig. 12 {6, = 1.380,4 and in the ranger /T, € [0, 1, ---,25]. For larger delays, the devi-

o4 = 5° according to the results in Table I. It is observed thaittion between the experimental data and the theoretical curve
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Fig. 13. Estimated conditional expected power versus delay. The exponent 2 ah
function in (26) is plotted foF , = 1.170 . J \ Cluster #/3/\./\/\
A \

I
A JARERNY:
6 . N\

tends to increase. The larger deviation may be caused by e Clustor #1 W\1 A MI \
mation errors since only a few waves are observed at large ¢ . s d A kT
lays and consequently the estimate of the expectation becon /

R

Power [dB]

A \ i
less accurate. Expressed in decibels, (26) is a straight line wi § / N l \} V\ M
a slope equal to 12 / ‘:\‘ \ 1 ‘HI\A
9B{ol | T)as _ 50— op ] Vf &
T = —43m [dB/S] . (27) »18[\/\/}{/ I/‘x\"‘\‘ V ‘\\\

With the selected parameter values the slope equél$2 T 26 A‘zimgth[.,] 20 40 60
dB/us. In comparison, the slope of the linear regression fitte..

1 I . .. 5 i
to the experlmental data in the rangﬁTS < [0’ 1, ’20] IS Fig. 14. Example of a PDS and PAS obtained in Stockholm for antenna
—0.54 dBj:s. Thus, both values are close together. direction #1 (bad urban). Sample tirfe = 122 ns.

VII. POWER AZIMUTH-DELAY SPECTRUM IN BAD located on the n(_)rth side of the river, typically, only one cluster
of waves is received.

For comparison, two one-sided exponential functions with

The results presented in Sections IV-VI are characterisixS equal to 0.4 and 1.3s for cluster #1 and #2, respectively,
for the dispersive behavior of the radio channel in a uniformlyave been plotted in Fig. 14(a). Two Laplacian functions with
built-up urban area, referred to as typical urban. In nonunifor&S 7.6 and 12.2 are also shown in Fig. 14(b). The separa-
urban environments consisting of a mixture of open areas atigh in delay and azimuth between the two clusters changes as
densely built up zones with a large variety of different buildinthe MS moves from one location to another. For this type of
heights, the dispersion in the radio channel may likely look corenvironment the power delay-azimuth spectrum cannot be de-
pletely different. This type of environment is referred to as basbmposed as the product of the PAS and the PDS, as it can be
urban. In the following, measurement results obtained in Stockssumed for the typical urban area. The reason for this is that the
holm with the antenna array pointing in direction #1 are pr@ower impinging from azimuths aroune3(° is related only to
sented. Fig. 14 pictures a typical example of the PDS and PA& first cluster in the PDS.
observed when the MS is located south of the river (see the mafThe PAS in Fig. 14 is interesting from an array processing
of Stockholm in Fig. 3). point of view since it poses a number of opportunities and prob-

The PDS and PAS are composed of two clusters. Cluster ins. First, it is clear that the two clusters can be effectively
corresponds to the power coming directly from the MS. Clusteeparated by conventional beamforming techniques resulting in
#2 is contributed by waves which propagate over the river aadsignificant reduction of the DS. On the other hand, the large
are then reflected on building fronts located on the north sidS makes it very difficult to apply conventional null-steering
of the river back to the BS. Cluster #2 is delayed by 4.&7 techniques to cancel out an interferer. However, the large AS re-
relative to cluster #1, which corresponds to a distance of 128dlts in highly decorrelated signals at the output of the antenna
m. This is a typical behavior observed for different locations @frray, which makes it possible to mitigate fast fading by means
the MS on the south side of the river. However, when the MS @ space diversity techniques.

URBAN ENVIRONMENTS
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A. Simple Multicluster Model

As already mentioned, it is observed from Fig. 14 that t
PAS and PDS can be approximated by a superposition of

IEEE TRANSACTIONS ON VEHICULAR TECHNOLOGY, VOL. 49, NO. 2, MARCH 2000

cally means that more robust algorithms can be designed and

Hgsted under realistic conditions before they are finally imple-
tented in an operating BS.

Laplacian functions and two exponential decaying functions, re-

spectively. However, situations with more than two clusters may
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also appear, although such a behavior has not been observed in

the investigated environments. It is therefore suggested to mod?
the power azimuth-delay spectrum in a more general form a@

(28)

'|'he authors wish to thank S. Larsen, F. Frederiksen, K.
esen, and P. Leth-Espensen for building the testbed and as-
sisting during the measurement campaign. J. Bach Andersen’s
comments on the manuscript are greatly appreciated. Also, the
authors thank J.-E. Berg and H. Asplund from Ericsson Radio

K
P(d)v 7_) = Z-Pk(d)v 7_)'
k=1

Systems AB for their help during the measurement campaign in

Stockholm. Finally, the authors appreciate the useful comments

Here, Pi.(¢,7) represents the contribution from clustet
P(¢,7) andK is the number of clusters. A similar two-cluster

(K = 2) model for the PDS is part of the COST207 bad urban
model [6]. Thus, (28) can be seen as a simple extension of this
model to include azimuthal dispersion. [1

VIIl. CONCLUSION [2]

A stochastic model is proposed which includes both az-
imuthal and temporal dispersion in the radio propagation(3]
channel. For typical urban environments, it is found that the
PAS and PDS are accurately modeled by a Laplacian functior*[4]
and a one-sided exponential decaying function, respectively. A
positive correlation is observed between the AS and DS. Henceld!
propagation environments leading to high AS also yield high g,
DS and vice versa. It is found that both the AS and DS increase
by approximately 50% as the BS antenna is lowered by 12 mm
down to rooftop level. Depending on the antenna height, the
median AS is in the range?515° and the median DS lies in the
range 0.4-1.3s. From a receiver point of view, the dependency (8l
between AS and DS means that the potential gains which can
be achieved by using frequency and space diversity are highly
correlated too. Investigations of the partial PAS and PDS show®]
that the power azimuth-delay spectrum can be expressed Ie[gg]
a proportionality constant as the product of the PDS and PAS.
The pdf’'s of the azimuth and delay of the impinging waves are
found to closely match a Gaussian function and a one-sideg;
exponential decaying function, respectively. This means that
the expected power of the waves conditioned on delay equa Sz]
an exponential function and the expected power conditione
on azimuth equals a Laplacian function divided by a Gaussian
function. [13]

In bad urban environments, the power impinging at the BS
is frequently found to come from two distinct main directions [14]
and not only from the direction towards the MS as observed i?JL
typical urban environments. A more appropriate description o
dispersion in the radio channel in bad urban environments ig6]
therefore obtained by using a two-cluster model, where the PAS
is described by a sum of two Laplacian functions and the PD
is the sum of two exponential decaying functions. The powe(18]
azimuth-delay spectrum cannot be expressed as a product of t 18]
PDS and PAS in this case. Situations with more than two cluste
may also be realistic.

It is believed that the proposed stochastic channel model prd<0]
vides a simple method for generating realistic input signals to
array processing algorithms in urban environments. This basi-

1 J. G. ProakisDigital Communications3rd ed.

from the anonymous reviewers.
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