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Abstract—This paper introduces a model for incorporating
the influence of the diffuse scattering in the MIMO radio
propagation channel to the popular geometry-based stochastic
channel models (GSCM). The proposed model is based on
a superposition of clusters, each of which contributes to the
channel as a multivariate random variable having a Kronecker
structured covariance matrix. These covariance matrices are
derived based on parametric modeling of the angular and delay
power spectral densities related to each cluster. The model also
includes polarization and temporal evolution of the clusters. The
proposed approach is validated using a spectral-based visual
analysis comparing the model with measured channel sounding
data.

I. INTRODUCTION

Geometry-based Stochastic Channel Models (GSCM) [1]–
[3] are a popular framework for modeling the radio propaga-
tion channel. These models are based on modeling the channel
as a superposition of propagation paths obeying the plane
wave assumption. The paths are grouped and parameterized
in clusters, with each cluster representing a scattering object
or a combination of objects defined by the geometry of
the environment. The parameters of the clusters as well as
the paths within the clusters can be drawn from scenario-
dependent statistical distributions.

GSCM modeling is a very versatile approach for channel
modeling. Due to the geometry-based approach, the dynamic
properties, i.e., modeling the time evolution of the channel is
inherently included. Moreover, one can define new scenarios
and derive suitable parameters for them. However, existing
channel models such as COST 259 [4], 3GPP SCM [5],
COST 273 [2], Winner [3] neglect an important factor in
radio wave propagation, namely the so-called dense multipath
component (DMC). Each of the dominant propagation paths,
i.e., the specular component (SC) of the radio channel, can
be considered to convey individually significant signal power
from the transmitter to the receiver. The DMC, on the other
hand, results from diffuse scattering, i.e., it can be viewed
as a superposition of (infinitely) many individually weak but
dense scattering contributions. In other words, modeling the
DMC using the propagation path model would require in
principle infinitely many components. For example in [6]
about 3000 path components were required to model only
70% of the power in measured small macrocellular channels.
Neglecting the DMC also complicates the detection of some of

the significant SC from measurements, see discussion in [7].
Furthermore, it has been shown in [8] that the contribution
of the DMC to both the overall power in the channel as well
MIMO channel capacity are very significant.

The first approach to include DMC in the GSCM was
introduced in [9], where the DMC was modeled by a single
exponentially decaying profile in delay, and was assumed to
be uniformly distributed in the angular domain. However,
the DMC can have a more complex behavior, exhibiting
clustering, and existing predominantly in particular angular
ranges. A main contribution of this paper is thus to propose a
DMC model using a superposition of so called DMC clusters,
which consider both delay and angular characteristics, as well
as polarization. A further important aspect of this paper is
to provide an efficient mechanism for incorporating such an
advanced DMC model into the GSCM framework.

The remainder of the paper is organized as follows. Sec-
tion II discusses the modeling of the radio propagation channel
using SC and DMC. Section III introduces the proposed DMC
model and its synthesis. Section IV provides comparison to
measurements, and Section V concludes the paper.

II. MODELING PHILOSOPHY

A. Specular Paths vs. Diffuse Scattering

The model for the radio propagation channel is assumed
to be comprised of two components: the specular component
(SC), and the dense multipath component (DMC). Hence,
the MIMO channel tensor H ∈ CMMS×MBS×Mf×Mk can be
written as

H = HS +HD (1)

where MMS , MBS , Mf , Mk denote the number of BS and
MS antennas, frequency (delay) samples, and time (snapshot)
samples, respectively. The SC (HS) is comprised of dominant
propagation paths resulting from specular-like interactions
such as reflections, whereas the DMC (HD) results from
diffuse scattering present in all practical radio channels, see
e.g. [10], [11], Table I.

The DMC is modeled as a multivariate zero-mean normal
distributed random variable with specific correlation proper-
ties, hence yielding Rayleigh-like fading, whereas the SC is a
superposition of deterministic propagation paths. It should be
noted that the current GSCMs rely solely on SC for modeling



TABLE I
PROPERTIES OF SC VS. DMC.

Property SC DMC
Fading N/A Rayleigh
% of power indoors 10-50 50-90
% of power outdoors 20-80 20-80
Suitable
representation

Discrete delta-
functions

Continuous power
distribution

the whole radio channel. The stochastic nature of SC comes
from the fact that the SC parameters in GSCM are modeled
as random variables.

B. Cluster-based Approach to DMC Modeling

Current GSCMs [2], [3] rely on modeling the channel as
a superposition of propagation paths, i.e., the SC only. The
paths are assumed to manifest themselves in clusters, i.e.,
groups of paths resulting from an interacting object of assumed
geometrical position and statistical description. We propose to
add DMC to this modeling concept by relating each, or some,
of the clusters with a DMC component; an approach similar to
the one proposed in [12]. The angular and delay parameters
of the DMC should have correlation with those of the SC
parameters, see [13]. This idea is illustrated in Fig. 1, where
several types of clusters are identified:
• Near BS Cluster: Contributes to SC and/or DMC only,
• Near MS Cluster: Contributes to SC and/or DMC only,
• Far cluster(s): Contributes to SC only,
• Regular cluster(s): Contributes to SC and/or DMC only.

If a cluster includes both SC and DMC, it is reasonable to
assume that the angular means, as well as the minimum delay,
are equal for both SC and DMC. Also the spread parameters
may be correlated.

III. PARAMETERIZATION AND SYNTHESIS OF THE DMC

The DMC is modeled as a complex valued, zero-mean,
normal distributed, circular symmetric multivariate random
variable vec

(
HD(t)

)
∼ NC(0,RD(t)). The DMC covariance

matrix RD(t) is modeled as a superposition of L DMC

Regular cluster -

Near MS cluster -
Paths and DMC

Near BS cluster -
Paths and DMC

Far cluster - Paths only

Paths and/or DMC

Far scatterers

MS Near MS scatterers

BS

Near BS scatterer

Fig. 1. GSCM principle including the DMC. The clusters may contribute
either to the SC or the DMC only, or both.

clusters as

RD(θ(t)) =
L∑

l=1

Rf (θf,l(t))⊗ (2)

[
γHH,l ·RMS,H (θMS,l(t))⊗RBS,H (θBS,l(t))

+γHV,l ·RMS,H (θMS,l(t))⊗RBS,V (θBS,l(t))
+γV H,l ·RMS,V (θMS,l(t))⊗RBS,H (θBS,l(t))

+γV V,l ·RMS,V (θMS,l(t))⊗RBS,V (θBS,l(t))
]
,

where ⊗ denotes the Kronecker product, the coefficients γi,l,
i ∈ {HH,HV, V H, V V } denote the polarization1 power
ratios, with

∑
i γi,l = 1, and the vectors θ contain the pa-

rameters describing the DMC. The matrices are normalized in
such a way that each spatial covariance matrix RBS/MS,H/V

has unit norm. Hence, the overall DMC cluster power scale
is determined by the matrix Rf . The individual covariance
matrices are modeled as follows.

A. Frequency Domain Covariance Matrix Model

The matrix Rf (θf,l) in (2) denotes the covariance matrix of
the lth cluster in frequency domain. Each cluster is modeled by
an exponentially decaying delay profile. The frequency domain
covariance matrices are thus given by [10]

Rf (θf,l) = toep
(
λ(θf,l),λ(θf,l)H

)
. (3)

The operator toep(•) denotes a Toeplitz matrix. The vector λ
is a sampled version of the power spectral density, given by

λ(θf,l) = (4)

αf,l
Mf


 1
βf,l

e−j2πτf,l

βf,l + j2π 1
Mf

· · · e−j2π(Mf−1)τf,l

βf,l + j2πMf−1
Mf




T

.

Hence, the parameters of the frequency domain covariance
matrix model are

θf,l = [ τf,l αf,l βf,l ]T , (5)

where τf,l is the delay of arrival of the first component, αf,l
is the power of the first component, and βf,l is the normalized
coherence bandwidth of the lth DMC cluster.

B. Spatial Domain Covariance Matrix Model

The BS/MS covariance matrices in (2) are approximated for
different polarizations (H/V ) as

RMS/BS,H/V

(
θMS/BS,l

)
=

BMS/BS,H/VK(θMS/BS,l)BH
MS/BS,H/V , (6)

where BMS/BS,H/V ∈ CMBS/MS×NS denotes a matrix of
steering vectors at MS or BS for horizontal (H) or vertical (V)
polarization evaluated at NS directions defined in vectors ϕS
and ϑS . The matrix K(θMS/BS,l) ∈ RNS×NS is a diagonal
matrix having the probability density values corresponding to
the angles {ϕS ,ϑS} on its diagonal. We propose a double

1HV is defined here as horizontal MS-vertical BS etc..



von Mises angular distribution, with individual mean and
concentration parameter for both azimuth and elevation for
each DMC cluster2. The matrix K(θMS/BS,l) is defined as

K(θMS/BS,l) =
diag

(
fϕ(ϕS , µϕ,l, κϕ,l)

)
diag

(
fϑ(ϑS , µϑ,l, κϑ,l)

)
, (7)

where the vectors f are the sampled von Mises angular
distribution values, defined as

{
f(θS , µ, κ)

}
i
=

1
2πI0(κ)

eκ·cos(θS,i−µ). (8)

Hence, the parameters of a single cluster for the DMC model
in the spatial domain are given by

θMS = [ µϕ,MS µϑ,MS κϕ,MS κϑ,MS ]T (9)

θBS = [ µϕ,BS µϑ,BS κϕ,BS κϑ,BS ]T (10)

γ = [ γHH γHV γV H γV V ]T , (11)

and the overall DMC cluster parameters are given by (5), (9),
(10), and (11) as

θ =
[
θT
f θ

T
MS θ

T
BS γ

T
]T
. (12)

As mentioned, each spatial covariance matrix (6) is normalized
to have a unit norm, and

∑
i γi,l = 1.

C. Time evolution

The time evolution of the individual clusters at the channel
realization level can be obtained using the autoregressive (AR)
method described in [14]. This method is very suitable for the
modeling of the multicluster DMC time evolution since the AR
coefficients of the individual clusters can be adjusted over time
according to the prevailing angular DMC cluster parameters
and velocities. A nth order AR process is obtained by the time
domain recursion

x[k] = −
n∑

j=1

ajx[k − j] + w[k], (13)

where k is a discrete time index and w[k] is a complex white
Gaussian noise process with uncorrelated real and imaginary
parts and variance σ2

n. The filter coefficients {a1, . . . , an} and
the variance σ2

n can be determined based on the autocorrelation
function (ACF).

The autocorrelation function (ACF), and its Fourier trans-
form the Doppler power spectral density (DPSD), depend
on the angular distribution and respective velocities of the
transmitter, receiver, and cluster generating scatterers. For sim-
plicity, we limit the discussion here to the case of a moving MS
with isotropic antennas and single bounce scattering with von
Mises angular distribution in azimuth only [15]. Description
of a more general model can be found in [16]. The ACF for

2It should be mentioned that double von Mises distribution model is valid
only if the elevation angles are somewhat concentrated on the vicinity of the
equator of the unit sphere.

the lth cluster depends on the MS velocity and the cluster’s
angular parameters, and is given by [14], [15]

r(k)(κ, µ, fm) =

I0

(√
κ2 − (2πfm|k|)2 + j4πfm|k|κ cos(µ)

)

I0(κ)
(14)

where k is the discrete time snapshot index, fm = (fcv/c)/fs
is the maximum Doppler frequency normalized by the snap-
shot sampling rate fs, and κ = κφ,MS,l and µ = µφ,MS,l are
the von Mises distribution parameters. Given the ACF (14),
the AR coefficients a = [a1 · · · an]T can be solved as

a = −R̂−1
rr v, (15)

R̂rr = toep
(
[r(0) · · · r(n− 1)]T, [r(0) · · · r(n− 1)]∗

)
+ εI,

v = [r(1) · · · r(n)]T.

The small spectral bias ε improves the stability of solving (15)
by increasing the condition number of R̂rr. The variance σ2

n

of the process is given by

σ2
n = r(0) +

n∑

j=1

ajr(j)∗. (16)

Discussion on the stability conditions and initialization of the
process can be found in [14].

D. Synthesis

The proposed cluster-based DMC extension to GSCM can
be synthesized as follows. First, the time evolution for each
of the l clusters is established by generating n (n is the AR
model order in (13)) samples Hd,l(k) ∈ CMBS×MMS×Mf for
k = {−n, . . . ,−1} using the initialization method described
in [14]. Then for each snapshot k = {0, . . . ,K} i) a new
realization Hd,l(k) is drawn based on the cluster parameter
based AR model of each cluster l, and ii) the covariance ma-
trices (3) and (6) are computed. A complete DMC realization
is constructed as

vec
(
HD(k)

)
= vec

( L∑

l=1

(
R

1
2
MSBS,lHd,l(k)(R

1
2
f,l)

T
))
, (17)

where Hd,l(k) ∈ CMMSMBS×Mf denotes Hd,l(k) reshaped
into a matrix, and

RMSBS,l =
∑

pol

γpolpol,lRMS,pol,l ⊗RBS,pol,l. (18)

IV. COMPARISON TO MEASUREMENT RESULTS

This section provides a comparison of the proposed model
to a real-world propagation channel realization obtained from
a MIMO channel sounding measurement. A map of the mea-
surement venue as well as the BS/MS locations are shown in
Fig. 2a. The BS was located at the edge of a large open space
separating two corridors with offices and classrooms along
them. The MS was moved across the center of the open space
along a bridge connecting the two corridors. Measurements
were conducted with a 120 MHz bandwidth at 5.3 GHz



carrier frequency. The antenna arrays at both link ends support
high resolution directional and polarization analysis. The same
measurement has been analyzed for the SC clusters in [17].
Fig. 2b shows the Power–BS azimuth–MS azimuth–Profile
(PAAP) for the complete measured channel H in (1), as well
as the residual (DMC) channel ĤD = H − ĤS . The SC are
estimated using propagation path parameter estimates obtained
by the EKF algorithm [11]. The plots in Fig. 2b (and Fig. 3)
are obtained by Bartlett beamforming in the azimuth plane at
both link ends using orthogonal polarization responses, and the
results are averaged over the delay domain. Fig. 2b represents
the sum power of the different polarization components of a
single snapshot. It can be observed that the DMC contains a
significant contribution to the channel.

Fig. 3 shows a comparison of the DMC PAAP (see Fig. 2b)
separately for different polarization components between the
measured and modeled DMC channel. Note that the color
scale is different than in Fig. 2b. The modeled DMC data in
Fig. 3b are constructed with (17) using 10 DMC clusters. The
parameters of the DMC clusters are determined visually based
on the measurement data in Fig. 3a and Fig. 4a. Some of the
key parameters are listed in Table II. The following parameters
were fixed for all clusters to simplify the analysis based on vi-
sual inspection: µϑ,MS = µϑ,BS = 0◦, κϑ,MS = κϑ,BS = 10,
βf = 0.12. Cluster #10 has κϕ,BS = κϕ,MS = 0, i.e.,
a uniform pdf in azimuth, corresponding to local scattering
around both terminals. For other clusters the azimuth spread
parameter of the von Mises distribution varies between 5 and
50 and the cluster powers αf were given values ranging from
-43 dB to -38 dB.

Fig. 4 compares the measured DMC data with the 10-cluster
DMC model through Power–Azimuth–Delay–Profiles (PADP).

(a) Map of the measurement venue.
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Fig. 2. Map of the measurement venue and the Power–BS azimuth–MS
azimuth–Profile of the complete measured channel H as well as the residual
(DMC) channel after removing SC HD = H−HS .
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(a) Measured DMC.
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(b) Modeled DMC.

Fig. 3. Comparison of measured and modeled DMC Power–BS azimuth–MS
azimuth-Profile for different (HH, HV, VH, VV) polarization components.

The plots are given for different polarization responses at the
corresponding link end, i.e., V-pol for MS contains both VV
and VH polarization components, etc..

The visual comparison of the measured and modeled re-
sponses in Fig. 4 and Fig. 3 show that the model provides
means to accurately characterize the MIMO propagation chan-
nel in terms of directional, delay, and polarization properties.
Much higher accuracy can be expected if all the parameters
are jointly optimized by a sophisticated estimation algorithm.

TABLE II
SELECTED DMC CLUSTER PARAMETERS.

# 1 2 3 4 5 6 7 8 9 10
τf (ns) 120 160 120 160 155 150 165 250 150 120
µϕ,BS 10◦ 10◦ 5◦ 5◦ 180◦180◦140◦140◦ -60◦ N/A
µϕ,MS -125◦ -80◦ 100◦ 80◦ 100◦ 80◦ 100◦100◦ 110◦ N/A

Pol HH/HV V V V V/V H HH V V HH V V HH HH/HV ALL
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(a) Measured.
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Fig. 4. Comparison of measured and modeled Power–Azimuth–Delay–
Profiles for horizontal and vertical polarizations observed at both link ends.

V. CONCLUSIONS

The proposed cluster-based DMC model can be applied
to extend current geometry based stochastic channel models.
The proposed cluster-wise, Kronecker structured, multivariate
random variable model describes the DMC contribution of
the channel through the power spectral densities of each
cluster in the angular and delay domain. The model also
enables polarization and time-evolution modeling. Comparison
to measured MIMO channel sounding data shows that the
proposed model can be used to capture the diffuse part of the
channel, which is hard to estimate using discrete propagation
paths. Potential future work includes deriving i) an estimator
for the model parameters, ii) a scheme for finding the correct
number of DMC clusters and their initial parameters, iii) the
correlation between DMC and SC clusters, iv) proper model
for describing the angular distribution of the DMC clusters on
the sphere. Also, comparison of different models (SC only,
SC + uniform DMC) using different metrics, such as channel
capacity, is of high practical interest.
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