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Abstract: We consider the clustering structure of wirelessMIMO
channels, and the impact that multiple clusters have on the
performance of MIMO systems. We show that multiple clusters
frequently occur in urban environments. We then proceed to
demonstrate that a channel with multiple scatterer clusters
behaves differently than a channel with one cluster and the same
rms angular spread. The differences are quantified in terms of
correlation coefficients, information-theoretic capacity, and
interference-suppression capabilities. This demonstrates the
necessity of correctly taking into account the clustering structure.

[. INTRODUCTION

In recent years, it has been shown that MIMO
systems offer very high information-theoretic capacities [1],
[2]. This has spurred great interest in such systems; among
other applications, they are currently being considered for the
high-speed data packet access (HSDPA) of the third-
generation standard 3GPP. In order to make realistic
evaluations of the capabilities of different system architectures
and MIMO schemes, realistic channel models are required.

There are two generic modeling approaches for
MIMO channels. So-called “nonphysical models’ [3] model
the correlation of the fading of the signals at the antenna
elements. “Physical models’, on the other hand, model the
location of scatterers/reflectors, or the direction of multipath
components at the transmitter and receiver. Physical models
have become more and more popular recently, and are used in
such standard models as COST 259 DCM [4] as well as the
model developed by the “Spatial Channel Modeling Ad-hoc
group” formed by the third-generation standardization
organizations 3GPP and 3GPP2 [5].

For physical models, it is a well-established fact that
the scatterer locations (or equivalently, the angles and delays
of multipath components) are not distributed uniformly over
space, but tend to be concentrated in certain regions. The
model introduced by [6] , which is still widely used today,
assumes that all scatterers are located near the mobile station
(MS). A more general model, called “multiple cluster” model
takes into account not only the scatterers around the MS, but
also clusters of “far scatterers’ that correspond to high-rise
buildings (in urban environments) or mountains (in rural
environments) [7],[8].

Thereis alot of controversy about the pros and cons
of the two approaches, especially in the standardization bodies
like 3GPP. It has been argued that (i) multiple clusters do not

frequently occur in practice, and (i) a one-cluster model is
equivalent to a “multiple-cluster” model if only the angular
spread as seen at the BS and the MS areidentical. Thisis often
justified by the work of [9]. In this paper, we will analyze this
claim. We will show that while the original work of [9] is
clearly correct, it is often misinterpreted, and that identical
rms angular spread is not sufficient to guarantee identical
MIMO or smart antenna system performance.

The paper is organized the following way: in Section
I, we give an overview of the far scatterer model and its
physica interpretation. Next, we review some measurement
campaigns with respect to the distribution of the angular
spectrum. Section 1V then discusses the question whether the
two approaches are equivalent if only certain measure like the
rms angular spread are identical. We will analyze correlation
coefficients, MIMO capacity, and interference suppression. A
discussion of the solutions in standardized channel models and
asummary wrap up this paper.

II. PHYSICAL INTERPRETATION OF FAR
SCATTERER CLUSTERS

We dtart out by describing the physical channel
modeling with and without far scatterer clusters. The basic
form is also known as “local scatterer model” where all
relevant scatterers are located around the mobile station (MS).
The probability density function (PDF) of the scatterer
location is often assumed to be uniform in a disk around the
MS, Gaussian, or Rayleigh distributed. Alternatively, the
power azimuth delay spectrum shows a single-exponential
behavior in delay, and Laplacian behavior in angle, around the
(quasi) line-of-sight component [10].

Fig. 1. Principle of far scatterer clusters



Ref. [7] suggested to additionally model far scatterer
clusters that are far away from both the MS and the base
station BS (Fig. 1). These far clusters represent e.g. high-rise
buildings, in urban environments, mountains in rura
environments, etc. While the local scatterers are always
centred around the MS, the position of the far scatterers are
fixed at an absolute position in space.

Actualy, we have to distinguish between two types
of far scatterers. One is discrete reflectors, which give rise
essentially to a single, specular, multipath component. Such a
discrete reflector could be, e.g, a high-rise building with a
smooth surface. The other type is afar scatterer cluster, where
agroup of high rise buildings, or amountain surface givesrise
to several, closely spaced, multipath components. We will see
below that this distinction between specular reflectors and
scatterer clusters is of special importance for the MIMO
capacity.

For microcellular environments, the propagation
processes leading to far scatterers are somewhat different.
Waves get from the transmitter to the receiver via
waveguiding. Different wavesguides thus give rise to different
clusters due to different propagation times and/or angles of
incidence at the transmitter and receiver. A local cluster,
representing over-the-rooftop propagation, is not necessarily
present, especialy if the BS antennais significantly below the
height of the surrounding rooftops.

The identification of clusters in a measured angular
delay power spectrum (ADPS) always involves a certain
degree of arbitrariness. We either have to identify an
(arbitrary) threshold of the arriving power that the determines
the boundary of a cluster, or we have to use “cluster
identification algorithms”, which are well known from image-
processing problems., and which give different results
according which algorithm is used. In many cases, a visua
inspection, together with a knowledge of the morphology of
the environments and the possible propagation processes,
gives the best results. Naturaly, cluster boundaries can be
defined better in a channel model.

I1l. REVIEW OF MEASUREMENT CAMPAIGNS

There have been several measurement campaigns that
determine the angular spectrum of the signals arriving at the
BS:

*  Ref. [11] describes a measurement campaign in Frankfurt,
Germany. This city has a strong resemblance to many
American cities, with a high-rise city center, surrounded
by low-rise edifices. The paper clearly identifies many
skyscrapers as “far scatterer clusters’.

* Ref. [12] paper reports measurements in Paris, France,
and is notable in that the directions-of-arrival at the
mobile station, but not the BS, are resolved. Also here,
several locations are identified where a far scatterer
cluster leads to increased delay dispersion. Ref. [13]
contains measurements in urban small cells in Mulhouse

and Paris, France. The authors observe both cases where
there is only a single cluster (with a very small angular
spread), as well as cases with several clusters. In one
“atypical” case, there was even hardly any energy from
the direction of the mobile. However, the case with both a
“local” cluster and “far clusters’ is judged to be most
typical.

e Extensive measurements in Helsinki, Finland [14] have
shown that for macrocellular situations (as well as micro-
and picocellular), severa clusters are present. 2-3
clusters have to be taken into account to cover 75% of the
energy in 90% of the cases.

e Ref. [15] report measurements in Stockholm, Sweden.
This city is characterized by large areas without buildings
(e.g., water), between the built-up areas. Again, multiple
clusters have been observed.

Only the measurement campaign of [10] in Bristol,

UK, and near Aalborg, Denmark, found the “ multiple scatterer

cluster” case to be the exception rather than the rule. This can

aso be explained in terms of the morphology of the
measurements; those towns contain fewer irregular structures
than the big cities mentioned above.

IV. FAR SCATTERER CLUSTERS IN STANDARDIZED
CHANNEL MODELS

The importance of far scatterer clusters has been
recognized also by different standardization bodies. Most
notably, the use of far clusters has been recommended (for
specific environments) both in the European COST 259, which
developed a generic spatial channel model that is suitable for a
wide range of systems, and by the joint “spatial channel
modeling” group of 3GPP and 3GPP2, the standardization
organizations for third-generation cellular systems.

The 3GPP modell defines several environments
(suburban macro, urban macro, and urban micro). The
suburban macro model uses only a local cluster around the
MS, which is in agreement with the measurement results of
[10], as described in Sec. 111. For the urban macrocell, asingle
far scatterer cluster (in addition to the local cluster) is an
option. It shows the same angular spread as the local cluster,
and also exhibits a delay spread. It is thus really a far cluster,
and not a discrete scatterer. The urban microcell environment
has a total of three clusters, whose mean angle of arrival are
independent of the actual location (compare Sec. Il). The
decision to use far scatterer clusters in 3GPP was partly based
on the investigations presented in the current paper.

The incorporation of the far scatterers in the
COST259 model is more realistic, and more complicated. The

1 This description reflects the status at January 2003, the time of the
writing of this paper. A final version of the 3GPP mode is
anticipated for March 2003.



number of far scatterer clusters in macrocells is treated as a
random variable. Far clusters appear and disappear in a kind
of birth/death process, depending on whether a mobile station
has line-of-sight to the far scatterer cluster. The mean number
of far scatterer clusters depends on the radio environment. For
more details, we refer to [16].

V. IMPACT OF THE NUMBER OF SCATTERER
CLUSTERSON SYSTEM PERFORMANCE

Having established in Sec. Il that far scatterers occur in
practice, we now turn to the question whether a far scatterer
cluster can be represented by an “equivalent” increase in the
rms angular spread of the cluster around the MS.

V.1 Correlation coefficient

It is well-established [9] that the spatial signature of an
antenna array, and thus the correlation coefficient for signals
at the elements of a smart antenna, is determined only by the
rms angular spread, and not the exact shape of the PAS (power
angular spectrum) if the angular spread, and the aperture of
the array, is small. This was shown in [9] by using a truncated
Taylor expansion of the steering vector. From this point of
view, it is thus possible to replace a multiple-cluster model by
asingle cluster with the same rms angular spread.

However, we have to keep in mind the following
restrictions of the derivation (which are also mentioned or
implied in [9]):

1. this independence of the shape of the PAS is valid
only for the flat-fading case. For the wideband case,
multiple clusters give rise to higher frequency
selectivity, and also show different angular spectra
for different delays. Thus, different types of spatio-
temporal Rake receivers work differently in asingle-
cluster and multiple-cluster scenarios.

2. the independence is only fulfilled if both the rms
angular spread and the maximum angular spread are
small. Thus, far-off components with small power
cannot be represented correctly by increasing the
spread of the local cluster. Figure 2 shows the
correlation coefficient in the flat-fading case for a
single cluster, and for a two-component model (PAS
has two delta functions located at 0 and 10,60,120
degrees, respectively) with equal rms angular spread
in the flat-fading case.

3. it is required that the antenna pattern is isotropic
within the range of occurring angles of incidence.
This is especiadly important when comparing
different types of antenna elements, e.g., for different
sectorizations of acell.

4. the independence is true only for complete channel
information (Cl), where the instantaneous channel
characteristics are assumed to be known. This is
usualy fulfilled on the receiver side. In the FDD
case, where the transmitter knows only the average
channel characteristics (unless there is a dedicated
feedback channel), the most popular approach to
exploit the partid channel knowledge is
beamforming in the direction of the clusters. This
implies that a single-cluster channel exhibits
beamforming gain, but not diversity gain. A multi-
cluster scenario offers the possibilities of
beamswitching diversity [17], where some parts of a
(coded and interleaved) signal are sent into the
direction of the local cluster, while other parts arrive
at the receiver viafar clusters.
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Fig. 2 Correlation coefficient as function of the rms
angular spread.

V.2 MIMO capacity

The channel capacity is the central quantity in the
consideration of MIMO systems. We again first present an
argument why the capacity should depend only on the angular
spread, and then discuss the restrictions of that derivation.

Assume a flat-fading system where scattering processes
lead to signal correlations at transmitter and receiver that are
independent of each other. In that case, the channel transfer
function matrix can be written as

H = RRXIIZGRTXIIZ (1)

where G is a matrix with i.i.d. complex Gaussian entries, and
Rrx and Ry, are the correlation matrices at transmitter and
receiver. If the correlation matrix depends only on the rms
angular spread, then this holds also for the matrix H, and thus
for the capacity
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From this derivation, we can conclude the necessary
conditions for the capacity to depend only on the rms angular

spread

1. the conditions mentioned in Sec. V.| (flat fading, small
rms angular spread, small maximum angular spread)
must hold.

2. the channel matrix must allow a decomposition in the
form of Eq. (1). Thisimplies that the angular spreading
at transmitter and receiver must be independent of each
other. A similar condition is also derived in [18] for the
limiting case of very large arrays.

3. the considered channel must be a dense multipath
channel;, i.e., the channel rank must be larger than the
number of used antenna elements. If thisis not the case,
the number of multipath components with large energy
(positive SNR) limits the capacity.

4, the computation was done for the capacity of a single-
link MIMO system without co-channel interference. It
is not valid in the presence of interference, see Sec.
V.3.

We assume in the following that the angular spectrum at
the MS is uniform for al delays (this does not correspond to
physical reality in the majority of cases, but is sufficient to
point out the most essential aspects). We compare now three
channel configurations that al have 5.8 (or 30) degree angular
spread:

1 a single-cluster model with a Laplacian APS at the BS,
with an angular spread of 5.8 and 30 degrees.

2. two equal-power specular sources, one at broadside,
and one at 11.6 (or 60) degree angle

3. two scatterer clusters, each with a Laplacian APS with
3 degree angular spread. These clusters have a mean
angle-of-arrival of 0 and 10 (or 60) degrees.

Figure 3 shows the cumulative distribution functions of
the capacity for 2*2, 4*4, and 8*8 antenna arrays. We see that
for a 2*2 array, the capacity is independent of the shape of the
APS, even for the relatively large angular spread of 30 degree.
However, for a four-antenna array, this independence is
fulfilled only for a small angular spread (5.8 degree), and for
an 8*8 array, the capacity shows considerable variations even
for asmall angular spread.

This behavior of the channel can be explained intuitively.
A channel with two specular sources can have at most two
significant eigenvalues. Thus, even an increase in the number
of antenna elements increases the capacity only by a small
amount (by improving the SNR). Note also that for an 8*8
array, the capacities for the two angular spreads coincide
amost completely. A single-cluster channel, on the other
hand, shows a continuous increase in the effective degrees of
freedom (EDF) as the angular spread increases. Since the
number of possible propagation paths is much larger, the

capacity also exhibits an increase with the number of antenna
elements.
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Not surprisingly, a two-cluster channel (with a fixed
small but finite angular spread for each cluster) exhibits an
intermediate behavior. The capacity does depend on the
angular spread, but since the paths within a cluster are so
strongly correlated, the effective degree of freedom is mainly
determined by the number of clusters, i.e., two. Note also that
for large antenna spacing and/or large cluster spread, the
capacities of the one-cluster and the two-cluster model
become similar (both reduce effectively to an i.i.d. model),

40



while the model with two specular paths shows a much
smaller capacity determined by the number of significant
eigenvalues.

Next consider the capacity as a function of the signal-to-
noise ratios for high values of the SNR. An approximate
measure for the capacity is the number of eigenvalues of the
channel matrix that is larger than the noise variance; we call
this number in the following the “effective rank”. For the two-
path channel, the rank is always two as long as the SNR is
larger than the power ratio of the two paths. Increasing the
SNR more is not going to change the rank, only the mean
SNR. For the one-cluster model, the number of effective
eigenvalues is unity as long as the SNR is smaller than the
ratio of the first two eigenvalues of the Grammian HH''.
However, as we increase the SNR to large values, we will
have as many eigenvalues as there are antenna elements.

Another important point is that a two-cluster model shows
a significantly larger delay dispersion than a single-cluster
model. Simulations (not shown here for space reasons)
demonstrate the — not surprising — result that this leads to a
steeper slope of the capacity cdf as long as the system
bandwidth is larger than the excess delay between the two
clusters. For systems with very large bandwidth (where the
delay spread within a cluster is comparable to the system
bandwidth) that difference vanishes.

Finally, we note that the difference between the two-
cluster and the single-cluster model can also be explained in
the framework of Ref. [19].

V.3 Interference rejection

Let us consider the downlink, so the problem lies in the
suppression of adjacent-cell BS signals. Then the number of
data streams that have to be suppressed becomes very large,
namely the number of users per cell times the number of
antenna elements (for BLAST-like schemes). Thus, an
interference suppression based on optimum combining is not
feasible; but rather suppression based on directional
characteristics has to be used. We now have to distinguish two

Cases.

» thefar scatterer cluster can be a common scatterer for the
signal from the desired BS and from the adjacent BS. In
that case, it is wusualy advantageous to apply
beamforming, so that the signal from the far cluster, as
well as from the direction of the adjacent cell BS location
itself, can be suppressed.

» thefar scatterer cluster is visible only for the desired BS.
In that case, it is advantageous to exploit the signal from
the far scatterer.

VI. SUMMARY

We have demonstrated the importance of far scatterer
clusters for the correct modeling of MIMO channels. We have

demonstrated that far scatterer clusters frequently occur in
urban environments, and that they cannot be replaced by an
“equivalent” increase of the angular spread of the scatterer
cluster around the MS. Correlation coefficients, MIMO
capacity, and interference suppression were shown to behave
differently in awide range of SNRs and array sizes.
Acknowledgement: the author would like to thank the members of the 3GPP-
3GPP2 ad-hoc group on spatial channel models and Prof. A. Sayeed from
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