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Abstract— We study the MIMO wireless channel, and derive a
generic channel model that we believe has the ability to explain
all important effects, including (i) interdependency of directions-
of-arrival and directions-of-departure, (ii) large delay and angle
dispersion by propagation via far clusters, (iii) rank reduction of
the transfer function matrix. We point out the relevant propaga-
tion effects, and propose a geometry-based model that includes the
relevant effects. The required parameters for the complete defin-
ition of the model are enumerated, and typical simulation results
for urban macrocells are presented.

Index Terms—MIMO, channel model, keyholes, dispersion

I. INTRODUCTION

In the last years, MIMO (multiple-input - multiple-output)
systems have emerged as one of the most promising approaches
for high-datarate wireless systems [1], [2]. With the growing
importance of MIMO systems, there is an increasing need for
appropriate channel models. These channel models require two
steps: (i) setting up a generic channel model and identifying
the parameters that have to be determined for a full description
and (ii) actually performing the measurement campaigns, and
extracting the parameters. At the moment, there are not many
MIMO measurement campaign results available publicly, but
this is going to change in the next years. In order to allow best
benefits from those campaigns, the first step, namely the setting
up of a generic channel model, is urgently required.

For the standard narrowband channels, the generic model
consists of an attenuator with a prescribed Doppler spectrum
(time variance of the attenuation). In the wideband case, a
tapped-delay line (with possibly different) Doppler spectra for
each tap has been proposed in the 1960s. The much more in-
volved generic framework of the “single-directional channel”,
either based on a geometric or a purely stochastic approach, was
established in the mid- and late 1990s [3]. All those generic
models are now well-established, even though we note that the
actual values of the parameters are still subject to discussion for
different environments'.

There are also some MIMO channel models available in
the literature, but they are essentially constructions suited to
specifically reproduce a certain effect. The most simple, and
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IEven though much progress has been made, especially in the context of the
European COST actions, some radio environments are still essentially open
problems.

still most widely used, model is the independent Rayleigh fad-
ing at all antenna elements, introduced in [1] and also used
in [2]. Subsequently, [4] has analyzed the effect of correla-
tion. It used a geometrically- based stochastic approach, plac-
ing scatterers in a random around the MS - a model that dates
back to the early 70s [5], [6]. The implications of a more
general, cluster-based model introduced in [7] were analyzed
by [8]. All those models were based on the assumption that
only single-scattering processes occurred, or that at least all
those processes could be represented adequately by “equiva-
lent” single-scattering processes. However, the analysis of a
group from Stanford [9] and one from Bell-Labs [10] showed
the occurrence of so-called “keyhole-" or “pinhole-” channels
whose behavior could not be explained adequately in terms of
single scattering. To wit, low-rank channel transfer matrices
are possible even when the entries into those matrices are un-
correlated. [9] also gave a channel model that could explain the
behavior by decomposing the channel correlation matrix into
three terms. The thesis [11] investigated the influence of polar-
ization.

None of the above models is general enough to incorporate
all channel-induced effects relevant for MIMO systems. In this
paper, we develop a model that remedies the situation. Our new
model is based on a geometric approach, combined with physi-
cal arguments about the relevant propagation effects. In section
II, we discuss the different propagation effects and point out
their most important properties. Section III outlines the model
structure, and enumerate all variables that are necessary to fully
parametrize the model, and gives some typical simulation re-
sults. A summary concludes this paper.

II. CHANNEL DESCRIPTION METHODS AND PROPAGATION
PROCESSES

A. Vector versus double-directional representation

MIMO channels can be modeled either as double-directional
channels [12] or as vector (matrix) channels [2]. The for-
mer method is more related to the physical propagation effects,
while the latter is more centered on the effect of the channel on
the system. Still, they must be equivalent, as they describe the
same physical channel. Another distinction is whether to treat
the channel deterministically or stochastically. In the following,
we outline the relations between those description methods.

From the deterministic point of view, the double-directional
channel can be modeled in a rather straightforward way: we
need to investigate the double-directional impulse response. It
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includes all N resolvable propagation paths between the trans-
mitter and the receiver sites. Each path is delayed in accor-
dance to its excess-delay 7;, weighted with the proper complex
amplitude a;e?% | and each direction-of-departure (DOD) Qr ;
is connected to the corresponding direction-of-arrival (DOA)
Qi

N
h(,Qr,Q7) = Zh(Ti,QR,i,QT,i) (D

i=1

N
= Zaz—eMiﬁ(T —7i) - 0(Qr — Qry) 6(Qr — Q7).
i=1

In general, all multipath parameters in (1), 7;, Qg ;, Qr, a;e7%
will also depend on the absolute time ¢. Then, also the set of
multipath components (MPCs) contributing to the propagation
will vary, N — N (¢).

The deterministic wideband matrix channel response can be
computed for any antenna constellation as

N

hror,ar) =Y W7, Qri, Qi)
i=1

gr(QR)gr(Qr) - I (Rler)Tr) o (For.i)ar)

2

where Zr and Z are the vectors of the chosen element-position
measured from an arbitrary but fixed reference point on the cor-
responding array, and

<E(Q) :E'> = QTW(xcosﬁcos<p+ycos§sin<p+zsin19). 3)

where 9 and ¢ denote elevation and azimuth, respectively.

The above double-directional description seems rather
straightforward. However, a straightforward stochastic descrip-
tion of the involved parameters involves a four-dimensional
power spectrum that could only be described or saved as a
huge file. Note that in general, the statistics of MPC delays,
DOAs, DODs, amplitudes and phases are not separable, and
thus have to be described by their joint probability density func-
tion. As we will see later on, even the common assumptions
of Rayleigh-distrtibuted amplitudes and uniformly distributed
phases are too restrictive, as they cannot reproduce the impor-
tant ’keyhole” effect.

The stochastic description of the matrix channel also seems
simple at first glance. It requires the average powers of the en-
tries of the transfer matrix (from each transmit to each receive
antenna), as well as the correlation between the matrix entries.
Especially for small antenna array sizes, a description of the
H-matrix seems desirable. However, we have to keep the fol-
lowing point in mind:

2We stress that the (double-directional) channel is reciprocal. While the di-
rections of multipath components at the base station and at the mobile station
are different, the directions at one link end for the transmit case and the receive

case must be identical. When we talk in the following about DOAs and DODs,
we refer to the directions at two different link ends.

Ms MS
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Fig. 1. Scattering around BS and MS.

1) the fading at the different antenna elements can be
Rayleigh, Rician, or ”double-Rayleigh” (as we will see
below). Thus, we have to define those statistics and its
associated parameters.

2) the number of involved correlation coefficients increases
quadratically with the number of antenna elements. Their
number might be reduced in periodic structures, as can be
usually found at base stations (BSs) (Toeplitz structure of
the correlation matrix for antenna arrays), but not neces-
sarily for diversity arrangements as found at the mobile
station (MS).

3) the whole description becomes dependent on the used an-
tenna arrangement. Generalizations to larger (or just dif-
ferent) structures are not easily possible.

4) in delay-dispersive environments, we have to define dif-
ferent correlation factors for each delay - different prop-
agation mechanisms (which induce different correlation
factors) have different delays.

In order to avoid these problems, it is necessary to come
up with a new model that allows some simplifications, but is
still general enough to include clustering, waveguiding, etc.
In the following, we will develop such a model. It is based
on the GSCM (geometry-based stochastic channel model) of
Fuhl, Molisch, and Bonek [7], but with several modifications
that allow MIMO-specific effects to be included. Since the
model is geometry-based, and thus emulates physical propa-
gation processes, we first have to determine which propagation
processes usually occur in nature and thus have to be repre-
sented by the model.

B. Scattering around BS and MS

The essential processes are line-of-sight (free space) propa-
gation, single scattering around the MS or the BS, and double
scattering (see Fig. 1).

The line-of-sight propagation is included inherently in any
geometrical approach.

The single-scattering processes (BS—MS-scatterers—MS,
and BS—BS-scatterers—MS) can be included by modeling the
location of the scatterers around the BS and MS respectively,
similar to the GSCM model of [7]. The scatterer locations de-
termine both the DOA and the delay of the MPCs that propagate
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via the near scatterers. Note that the distance of the scatterers
(which determine the delays) must correspond to the physical
MPCs that undergo single scattering. It must not be increased
in order to accommodate delay dispersion that appears some-
where else in the propagation path® (i.e., in the mechanisms
described in the next subsections). In addition to the scatterer
distribution, we also have to define a ”BS Rice factor” and a
”MS Rice factor” to give the relative importance of BS—MS-
scatterers—MS and BS—BS-scatterers—MS compared to the
LOS propagation.*

The inclusion of the double-scattering process is more com-
plicated. Existing models [9] assume that DOAs and DODs
are separable, as waves can propagate from each BS-scatterer
to each MS-scatterer with equal probability. This might be a
good assumption in macrocells, but usually is not fulfilled in
most microcellular and indoor environments with specular re-
flections. In that case, each scatterer near the BS will illuminate
only very few scatterers near the MS - essentially with a certain
angular spread that will depend on the surface roughness of the
scatterers. It seems thus advantageous to define for each BS
scatterer an angular distribution function including an angular
spread that determines (together with the BS - MS distance)
how many MS scatterers are illuminated by each BS scatterer
(and vice versa). Note that this part of the model can account
for some types of keyholes.

C. Scattering via far clusters

The next step is the inclusion of far clusters (see Fig. 2).
This is especially relevant in outdoor environments. It usually
requires an unobstructed view from the BS to the far scatterers,
and from there to the MS. However, some scattering around the
MS might still occur. Since it is single- or double scattering,
we can treat the problem similar to the previous subsection. In
other words, we first establish the location of the far scatterers
in space, and assume that all of those are illuminated by the BS.
Then, each far scatterer can illuminate the MS directly, or it can
illuminate a certain (angular) range of MS scatterers. The re-
quired parameters (apart from the location of the far scatterers)
are the “far scatterer Rice factor” (describing how much energy
goes via a single-scattering process compared to the energy go-
ing via double-scattering processes), and the angular range that
the far scatterers can illuminate. The delay dispersion can be
increased by the presence of the far scatterers even within a
cluster, since the possible variations of the runtime lengths in-
crease. Also, since the number of clusters increases, the angu-
lar and delay dispersion both increase. Scattering that involves
both BS-scatterers and far scatterers can usually be neglected,
since it carries too little energy.

3Note that the placing of “equivalent” scatterers for single-scattering models
that include delay dispersion incurred by other propagation effects is possible
in single-directional models.

4Note that this is already the first important distinction from standard channel
modeling, where only the normal Rice factor is considered, and can be extracted
quite easily from measurements.
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Fig. 2. Scattering via far clusters

D. Waveguiding and diffraction

The next, and rather difficult, step is the inclusion of
waveguide propagation at some point between transmitter and
receiver. It has been observed in several urban macro- and mi-
crocellular measurement campaigns [13], [14] that waves can
be coupled into a street canyon (waveguide) either directly from
the transmitter, or after reflection by near or far scatterers. Sim-
ilarly, waves can propagate from TX or RX via a (horizontal)
roof-edge directly or via other scatterers. These two propaga-
tion mechanisms (see Fig. 3) share a very important MIMO
property as the associated propagation matrices are both rank-
deficient [10]. However, there are also two differences:

1) the waveguide usually adds delay dispersion, while a
roof-edge does not.

2) a horizontal roof-edge is rank-deficient (usually with
rank one) with respect to vertical antenna arrangements,
but does not restrict the rank with respect to horizon-
tal arrangements. The waveguide is typically rank-
deficient with rank higher than one in the horizontal di-
mension. The rank depends on the exact propagation cir-
cumstances. If there is pure waveguiding along a single
street or a corridor, then the rank depends on the number
of modes that the street (or a corridor) can support. If
the waveguiding involves diffraction around one corner,
then this would bring the rank (with respect to horizon-
tal antenna arrangements) to unity. Note, however, that
for a typical street crossing, all four corners neighboring
the intersection are involved, which tends to increase the
rank.

As a first approximation, we treat delay dispersion and rank
deficiency in the waveguide in a multiplicative way. Although
”waveguide dispersion” implies that different modes propagate
with different speeds, which couples rank and delay disper-
sion, our preliminary simulations of frequency-selective MIMO
channels have shown that this has negligible influence on the
capacity distribution.

It is also important to note that waveguiding need not be
implemented as a mutiple-diffraction process. Rather, random
matrices multiplied by a “rank-reducing” matrix reproduce the
statistical properties of the propagation in the waveguide; for
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Fig. 3. Waveguiding and diffraction.

details see [15].

III. PARAMETERS VALUES AND SIMULATION RESULTS

A. List of parameters

The above propagation effects can be described by parame-
terizing by the following features:

e scatterer around BS

« scatterer around MS

e N,. far scatterer clusters (each consisting of individual

scatterer points)

« N, waveguides and diffraction edges

A complete parametrization is given in Table 1. We note that
this table does not include all large-scale variations of the im-
pulse response. However, one benefit® of our cluster (or geome-
try) based approach is that large-scale variations of the clusters
can be described in a much easier way. Specifically, most of
the cluster properties derived in single-directional models (es-
pecially the COST259 model [3]) can be immediately reused,
as they are identical for single- and double-directional models.

B. Generation of impulse responses and capacities

Once the parameters are known, impulse responses can be
generated by simply adding up the contributions from the dif-
ferent propagation processes. The properties of the MPCs
h(7i,Qr,i,Qr,;) can be computed directly from the location
of the scatterers; the entries of the matrix channel transfer func-
tion can be computed from Eq.(2) for different antenna config-
urations. With the knowledge of the transfer function matrix,
we can now compute the capacity for both frequency-flat and
frequency-selective channels. For the frequency-flat case, the
capacity is given as

T
C = log, {det <1N,_*Nr + —HHH>]
Ny

where Iy, ., is the IV, * N, identity matrix and T is the mean
signal-to-noise ratio (SNR) per receiver branch, and H contains
the transfer functions from x g, to T k.

5in addition to those mentioned in Sec. II

06~

Cdf of capacity

Capacity [bits/s/Hz]

Fig. 4. Distribution of the capacity of a 1*1, 2#2, 4*4, and 8*8 system with
our model and with idealized (independent Rayleigh fading) model.

For the frequency-selective case, it is best to transform the
impulse responses into the frequency domain, to obtain the nor-
malized capacity as

1 T
€= [ oea [det (T, + -H BN ) | 47 9
B t
where B is the considered bandwidth. In either case, the ca-
pacity is a random variable, since the transfer function matrix
entries are random variables [2].

C. Results

Figure 4 shows the outage capacity distribution for a channel
with parameters that are typical in an urban macrocell with a
large distance between BS and MS (with the parameters given
in the third column of Table 1). Results are shown for single-
antenna systems (1 « 1) as well as 2 % 2, 4 % 4, and 8 8 sys-
tems. For comparison, we also show results for the ”ideal” case,
namely independent Rayleigh fading on all antenna elements.
‘We see that for a small number of antennas, the achievable real-
istic capacities are very close to the ideal ones. However, as the
number of antenna elements increases, the difference between
ideal and realistic case becomes more pronounced. This can be
explained by the fact that there are several rank-reduced” con-
tributions in the total channel matrix, so that additional antenna
elements do not have enough independent transmission paths to
support independent data streams. Note that the “ideal” model
gives lower capacity than our model in the 1 % 1 case. This
is due to the fact that our model includes a LOS component,
which decreases the probability of deep fades.

Note also that the difference between our computed capaci-
ties and the idealized capacities is on the order of 30% for a 4x4
system, lies between the measurement results of [16] and [17].
While this is not a proof for the validity of our parametrization,®
it is at least a satisfactory “’sanity check”.

6Neither of those two experiments had a setup that corresponded completely
with our setup for Fig. 2. The measurements of Xu et al. had a very strong
LOS component, while the measurements of Martin et al. used antennas that
were spaced much farther apart. I also performed simulations for those specific
setups, and got good agreement with the measurement results.
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IV. SUMMARY AND CONCLUSION

We have presented a generic model for MIMO wireless chan-
nels. We identified the most important propagation mecha-
nisms, and established a physical model. It takes into account
the scattering near BS and MS, as well as scattering by far clus-
ters, multiple scattering, diffraction, and waveguiding effects.
Also, the fact that there is only a limited number of scatter-
ers is taken into account. All these effects contribute to eigen-
value distributions that are different from those of an indepen-
dent Rayleigh-fading channel, and thus imply a lower capacity.
Some exemplary capacity distribution curves, based on typi-
cal parameter choices, exemplified those capacity losses. We
also gave equations for the impulse responses as a function of
the parameters, both in the double-directional formulation, and
the matrix channel formulation that can be used to characterize
MIMO channels.

The complete characterization of the model requires a con-
siderable number of parameters. A full establishment of all
statistical distribution of these parameters is a daunting task,
and will keep experimentalists busy for many years to come.
Still, we think that this is the first time that a complete generic
MIMO channel model has been presented, and only on this ba-
sis can a comprehensive measurement program be performed
and evaluated. Furthermore, the formulation of the model also
allows reuse of many of the insights and data gained in previous
single-directional or non-directional measurement campaigns.
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variable meaning Typical value in urban macrocell
Pnp.NLOS Narrowband power carried by non-LOS contributions Chosen to agree with Okomura-
Hata
Krice Rice factor 10dB
Npsscan Number of scatterers around BS 4
pdfss(r,®, z) Distribution of scatterers around BS chp(ﬁ: /2:100%) for  -5<z<5
10 ’
Ppyscan Power carried by BS scatterers if all are illuminated — o dB
uniformly by a source at the MS (relative to Pyp nios )
Nrssscan Number of scatterers around MS 12
pdfus(r, @, z) Distribution of scatterers around MS lfcxp(frz /2.100%) for  —5<z<10
15
Prsscan Power carried by MS scatterers if all are illuminated -2.2dB
uniformly by a source at the BS (relative to Pyg nros)
P youblescar power carried by MPCs that are scattered by scatterers — o dB

both near the MS and BS

Prnean,ittum

Mean of the illumination angle of scatterers at MS by
scatterers at BS and vice versa

Uniform in seen region

Pspread,itium

Spread of the illumination angle of scatterers at MS by
scatterers at BS and vice versa

2 degrees

Ny, Number of far clusters 1
N, Number of waveguides and edges 3 (one roofedge, 2 waveguides)
For each far cluster
Niescar Number of scatterers in the far cluster 10
pdf(r.@) Distribution of scatterers in the far cluster exp(—(r—r,)>/2-100%) location
of cluster centers uniform in cell
Py power carried by the far cluster (relative to Pyg.nros ) -10dB
Pe_sscan Power carried by MPCs that go via BS-scatterer — odB
(relative to Py.)
P prsscart power carried by MPCs that go via M S-scatterer -7dB

(relative to Py.)

Pspread,itium,fcBS

Spread of the illumination angle of scatterers at BS by
far scatterers and vice versa

All scatterers illuminated

Qspread,itium.feBS

Spread of the illumination angle of scatterers at MS by
far scatterers and vice versa

All scatterers illuminated

For each waveguide

or edge

P, power carried by waveguide (relative to Png.nros ) -10dB

h(t) additional time dispersion created in the waveguide exp(-T /v) V=200ns (waveguide),

Ons (edge)

pdfih;.) Eigenvalue distribution of the propagation matrix for exp(-A/4)
horizontal components

pdfihin) Eigenvalue distribution of the propagation matrix for exp(-N0.01)
vertical components

P, psdirect Power coupled into the waveguide directly (relative to -0.45dB
Py)

P\, psscarr Power coupled into waveguide via BS scatterers — odB

(relative to P,, )

@Pspread,ittum,wBs

Angular spread of the BS scatterers that couple power
into the waveguide

All scatterers illuminated

P Msdirect Power is coupled out of the waveguide directly -6dB
(relative to P, )
P, Msscan Power coupled into the waveguide via MS scatterers -6dB

(relative to P,, )

@Pspread,ittum,wBs

Angular spread of the MS scatterers that couple power
into the waveguide

All scatterers illuminated

P, je-Bs

Power coupled into to the waveguide by each of the far
scatterer clusters

-10dB

Fig. 5. Table 1: List of parameters for the description of the MIMO model.
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