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and A. F. Molisch, Fellow, IEEE

Abstract—Multidimensional characterization of outdoor urban
macrocellular propagation channels is essential for the analysis
and design of next-generation (5G and beyond) cellular massive
MIMO (Multiple-Input-Multiple-Output) systems. Since most
massive MIMO arrays will extend in two or three dimensions,
an understanding of three-dimensional (3D) parameters (i.e.,
azimuth and elevation) of the multipath components (MPCs)
is required. This paper presents an extensive measurement
campaign for 3D outdoor propagation channels in an urban
macrocellular environment. Measurements were performed with
a 20 MHz wideband polarimetric MIMO channel sounder
centered at 2.53 GHz and MPCs were extracted using RIMAX –
an iterative maximum likelihood (ML) algorithm. The physical
propagation mechanisms of the observed discrete MPCs are
explained in terms of waveguiding, over-the-rooftop propagation,
and scattering by far-away objects. MPCs exhibit clustering
in the temporal and spatial domains; both intra- and inter-
cluster parameters and their relevant statistics are provided.
We also extract diffuse MPCs, show that they can comprise a
moderate portion of the overall energy, and provide a statistical
characterization.

Index Terms—Propagation channel, MIMO, clusters, multidi-
mensional urban outdoor channel sounding, statistical channel
model

I. INTRODUCTION

INCREASING demand for higher data-rate services and the
shortage of available spectrum has resulted in the pursuit of

new ways to improve wireless communications infrastructure.
To solve this challenge, a variety of techniques have been
identified [2], [3], of which Massive MIMO (Multiple-Input-
Multiple-Output) is a prominent one. The use of Massive
MIMO [4], [5] in the form of Full-Dimensional MIMO (FD-
MIMO) systems [6], [7], [8] is pursued, inter alia, by the Third
Generation Partnership Project (3GPP) [9]. These systems
utilize a large number of antennas placed on 3D antenna array
panels1 for realizing spatially distinct transmission links to a
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1Most panel arrays, such as rectangular and cylindrical, are in fact 2D
arrays, yet they are commonly called 3D to indicate that the signal properties
at their antenna elements are impacted by both elevation and azimuth of the
multipath components.

large number of mobile stations [4]. Due to the 3D nature of
these arrays, spatial separation of the links can be obtained in
the elevation domain as well as the azimuth domain. This leads
to an increase in throughput and system robustness; further
advantages of FD-MIMO systems include simplified signal
processing and the reduction in energy consumption since the
transmit energy can be focused very precisely towards the
intended receiver.

An essential step in the design of an FD-MIMO wireless
system is the measurement and modeling of the propagation
channel in which this system is to operate. Hence, com-
prehensive and realistic characterization of multidimensional
properties of the multipath components (MPCs), in particular
azimuth and elevation, is essential.

Massive MIMO systems will be deployed first in urban
macrocells, since those require the highest capacity. The
current paper thus concentrates on this environment.

A. Related works
Several publications [10]–[19] have investigated the 3D

characterization of urban macrocellular propagation channels.
Some of these publications considered elevation parame-
ters at one link-end only, i.e., either Multiple-Input-Single-
Output (MISO) [10], [13], [12] or Single-Input-Multiple-
Output (SIMO) [14], [16] setups. [15] conducted 3D MIMO
measurements using a planar array at 2.6 GHz and bandwidth
of 65 MHz, however, the results presented were constrained
to an angular spread analysis at the Base Station (BS). Other
publications [17], [18], [19] explored 3D Outdoor-to-Indoor
(O2I) urban macro/microcellular environments, however, these
were done using ray-tracing simulations. Measurements were
performed in an environment and with a measurement setup
similar to ours in [11], however this was done using a different
antenna array structure and not all parameters needed to fully
characterize and develop a double-directional polarimetric
propagation channel model were provided. A 3D channel
model was developed in [20] using a geometry based stochas-
tic model (GSCM) (following the cluster-based approach com-
mon to COST 259, 273 and 2100 as well as SCM, WINNER
II models); however, the actual statistical values for channel
parameters needed for a double-directional model were not
provided in the paper. Ref. [21] conducted 3D measurements
in an urban macrocell (with very large and regular high-
rise buildings) environment, however, this environment differs
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Fig. 1: Map of measurement area in Cologne.

from ours which comprised of an irregularly built-up, Europe-
style old city. Also, the measurements were conducted on
a dense grid in a wide street while our measurements were
conducted at isolated points, which are much more separated.
Finally, the sounder setup in [21] precluded 360 degree
visibility of paths at the mobile station, as is used in our
paper. In our conference paper [1], we provided preliminary
results for the channel measurement campaign that underlies
the current paper, in particular, path distribution and MPC
cluster parameters, however, we did not provide other channel
parameters (and their statistics) needed for modeling a 3D full-
polarimetric urban macrocellular channel. For an overview of
other related literature, we refer the interested reader to our
recent review [22] and [23].

B. Contribution

As seen from the literature review above, there is a dearth
of investigations of 3D MIMO propagation channel measure-
ments and modeling in urban environments. The current paper
aims to partly fill this gap. The contributions of this paper can
be summarized as follows:

• We provide a detailed description of the measurement
setup and procedure using an advanced polarimetric wide-
band FD-MIMO channel sounder with massive number
of antenna elements.

• We extract MPCs through a high-resolution algorithm,
group them into clusters and derive both intra- and inter-
cluster statistics.

• We provide a parameterization of the model for the
Dense Multipath Components (DMC) in the measured
environment. Such an analysis of DMC in a 3D urban
macrocellular environment has not been done before.

• We develop a double directional cluster-based channel
model, which is validated by comparing the resulting

delay spread and direction spread to those obtained from
the raw data.

C. Organization

This paper is organized as follows. Section II describes
the measurement environment and the measurement setup.
Section III describes the signal modeling procedure. Results
for the extracted MPCs are presented in Section IV. Section
V describes the model validation procedure. Summary and
conclusions are provided in Section VI.

II. MEASUREMENT CAMPAIGN

A. Measurement environment

We carried out the measurement campaign in Cologne
(Germany). The structural layout of the city has been discussed
in [1], while Fig. 1 shows the map of the area covered during
our measurement campaign with the different receiver (RX)
locations indicated as well as BS position and its orientation.
The transmitter (TX) was mounted on the rooftop of a 30
m high-rise building just outside the old city center, see Fig.
2. The RX was placed on the rooftop of a car at about 2.5
m height above ground. The measurements were conducted
at multiple RX positions in street canyons, alleys and open
squares. The measurements were done in the frequency band
from 2.52-2.54 GHz, which the owner of the band, Deutsche
Telekom, made available for our measurements. This also
guaranteed absence of interference, and precisely limited the
bandwidth we could use for the measurements.

B. Measurement setup

A key component of our measurement setup is the MEDAV
RUSK sounder [24], [25] – a wideband polarimetric MIMO
channel sounder. This sounder is based on the switched array
principle: the transmit signal, which is a multi-carrier signal,
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Fig. 2: TX view of the urban macrocell in Cologne.

is up-converted (via a single RF chain) to passband and then is
connected, via a fast electronic switch, to the antenna elements
of the transmit array one by one. Similarly, on the receive
side, the signals from the antenna elements are connected to
the receive chain sequentially [26]. This type of measurement
provides a full channel characterization as long as all TX/RX
antenna combinations are measured within a time that is
shorter than the coherence time of the channel. Sounders based
on this principle have been used extensively, e.g., [26], [24].
An illustration of the sounder setup is shown in Fig. 3, while
a system diagram is provided in Fig. 5.

A cylindrical antenna array structure was used at both TX
and RX. The TX array was constructed from a synthetic aper-
ture setup such that a switched 8-element (2 port per element)
polarimetric uniform linear patch array (PULPA, shown in
Fig. 4(a)) was mechanically rotated into different directions.
To increase the gain of the PULPA in azimuth, a stack of 4
horizontally placed antenna elements were connected by a pre-
configured, controlled, power divider (equal-split) array feeder
network to form a narrow transmit beam in azimuth (i.e.,
restricting azimuth opening angle). The PULPA was placed
on a programmable positioner that was rotated in an azimuth
angular range from −180o to 180o with a 6 degree step-size
to create 60 virtual positions, thereby imitating a cylindrical
array structure. This resulted in a virtual (16 x 60) TX antenna
array (all ports considered). This TX structure is referred to
as vertical stacked polarimetric uniform circular patch array
(VSPUCPA). The antenna elements used in this setup have a
3 dB beamwidth of 100 degrees in elevation and 26 degrees
in azimuth. Additional details on the TX array are provided
in [1].

At the receiver, a purely switched approach (without po-
sitioner) was used: a stacked polarimetric uniform circular
patch array (SPUCPA, shown in Fig. 4(b)) with 2 (vertical)
x 8 (circumference) x 2 (polarization) antenna ports was
employed. The impact of the sounder characteristics and the
antenna arrays are measured and stored for post-processing
(see Sec. IV) during back-to-back calibration, and antenna
calibration in an anechoic chamber, respectively.

Rubidium (Rb) clocks are used at both TX and RX end
for timing and frequency control of the sounder. Also, the
trigger signal between the TX and RX ends was sent over-
the-air using a cellular (Universal Mobile Telecommunications
Service (UMTS)) connection.

Clock drifts of the local oscillators were observed in prelim-
inary anechoic chamber measurements. The clock drift can

Fig. 3: Illustration of channel measurement sounder.

(a) PULPA and reference antenna

(b) RX-SPUCPA

Fig. 4: TX antenna array (PULPA) and RX antenna array
(SPUCPA)

TABLE I: Channel sounder configuration.

Parameters Values
Bandwidth 2.52 GHz-2.54 GHz
No. of frequency points, Mf 257
Number of channels 900 x 32
Total time syn. aperture approx. 10mins
Tx ports, Rx ports 900 ports, 32 ports
Polarization H/V
Azimuth range [−180◦ to 180◦]
Elevation range [90◦ to −90◦]

have a significant impact on the measurements results. Details
of the phase-drift correction techniques are given in [1], [27].
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Fig. 5: System diagram of the channel sounder setup and data processing.

III. SIGNAL MODEL

This section presents the transfer function data structure,
time domain representation and parameter extraction proce-
dure that form the basis of the post-processing of the data.

A. Time-domain representation

The transfer function of the measured propagation channel
is a order-4 tensor H(s, f, t, r) from which the spatio-
temporal information of the MIMO radio channel can be
derived. Here s denotes the measured snapshot index, f is
the measured frequency index with f = 1, ...,Mf , where
Mf is the number of measured frequency points. t and r
represent the TX and RX antenna elements index respectively
with t = 1, ...,MT and r = 1, ...,MR. MT , MR are the
number of TX and RX elements. To improve the signal-to-
noise ratio (SNR) of the measurement, 10 snapshots were
recorded for each TX/RX antenna pair and averaged during
post-processing. The channel impulse response h(s, τ, t, r),
where τ indicates delay, is obtained from the transfer function
by inverse Fourier transform with Hanning window to suppress
aliasing. The local power-delay profile (PDP) is computed as
PDP (s, τ, t, r) = |h(s, τ, t, r)|2.

B. Parameter extraction

To obtain a channel characterization that is independent
of the antenna structure, one normally obtains a double-
directional channel characterization that extracts the spatio-
temporal-polarimetric parameters of the MPCs from the trans-
fer function through the use of a high resolution parame-
ter estimation (HRPE) algorithm. The HRPE algorithm that

was used in the work is RIMAX – an iterative maximum-
likelihood estimator. An extensive description of the parameter
extraction procedure of RIMAX is provided in [28]. It differs
from other popular algorithms by modeling the propagation
channel (h) as a superposition of specular/deterministic paths
(S(θsp)), dense multipath components (DMC, D(θdmc)) and
measurement noise (n):

h = S(θsp) + D(θdmc) + n ∈ CMTMRMf × 1, (1)

The DMC, which describes the stochastic part of the propa-
gation channel, is assumed to comprise of a large number of
individually weak signal components that cannot be estimated
individually as plane waves, e.g., because of the underlying
physical process (diffuse scattering, wavefront curvature, etc.).
Therefore, owing to the central limit theorem, D (to simplify
our notation, we will denote D(θdmc) as D henceforth) is mod-
eled as a zero-mean complex circularly symmetric Gaussian
distributed random vector with a covariance matrix RD ∈
CMTMRMf×MTMRMf , i.e., D ∼ Nc(0,RD). The measurement
noise2 is assumed to be a white complex circularly symmetric
Gaussian distributed random vector n ∼ Nc(0, σ2

NI) with
variance σ2

N .
For simplicity, DMC and noise were modeled together to

form a zero-mean complex Gaussian process with covariance
matrix:

Rdan = RD + σ2
n I. (2)

This implies that (1) can be written in a more compact form:

h = S(θsp) + ndan ∈ CMTMRMf × 1, (3)

2The measurement noise results from both thermal noise from the electron-
ics as well as ambient noise.
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where ndan ∼ Nc(0,Rdan).
In the estimator, specular components (S(θsp)), or plane

waves, are characterized by the time-delay (τ ), angle-of-arrival
(azimuth (ϕR) and elevation (ϑR)), angle-of-departure (azimuth
(ϕT) and elevation (ϑT)) and the complex polarimetric path-
weights (γ), i.e., θsp = [ϕR, ϑR, ϕT, ϑT, γ, τ ] such that

S(θsp) =

L∑
l=1

BTR (ϕR,l, ϑR,l) ·
[
αHH,l αHV,l
αVH,l αVV,l

]
·BT(ϕT,l, ϑT,l) · e−j2πf ·τl ,

(4)

where the superscript T denotes the transpose operator, BR
and BT are the nonlinear mappings of the angles of arrival
(ϕR, ϑR) and departure (ϕT, ϑT) to the antenna array responses
and are obtained from calibration measurements in an anechoic
chamber. The parameters αHH,l, αHV,l, αVH,l, αVV,l and τl
denote the radio wave polarization amplitudes (horizontal-
to-horizontal (HH), horizontal-to-vertical (HV), vertical-to-
horizontal (VH), vertical-to-vertical (VV)) and the time-delay
of the l-th path respectively.

IV. RESULTS

We next discuss the path distribution in the environment,
followed by a clustering analysis, and the intra- and inter-
cluster statistics. Large scale parameters such as pathloss and
shadowing as well as the dense multipath components are also
discussed in subsequent subsections.

A. Path distribution in the environment

To provide insights into the propagation mechanisms in the
environment, we first show results from a sample NLOS loca-
tion (position 47 indicated in Fig. 6). Fig. 6 shows propagation
paths and interacting objects (IOs) encountered along the paths
by the MPCs; in this and the subsequent plots not all extracted
MPCs are shown to avoid congestion of the figures. The arrows
P1, P2 and P3 shown in Fig. 6 are in fact not representing
a single MPC but groups of MPCs propagating along these
routes. A spherical coordinate system has been used with
orientation expressed such that the azimuth angle is defined
clockwise from −180◦ to 0◦ to 180◦ (with 0◦ indicating the
PULPA orientation towards the LOS as shown in Fig. 1), while
the elevation angle is defined from 90◦ to 0◦ to −90◦, where
90◦ indicates the north pole, 0◦ indicates the equatorial plane
and −90◦ indicates the south pole. Looking at the direction-
of-departure (DoD) azimuth - delay, DoD elevation - delay
plots shown in Figs. 7(a) and 7(b), it can be observed that
MPCs having ϕ ≈ 30◦, ϑ ≈ −6◦, and τ ≈ 245 m/c0

3

propagate via rooftop diffraction (Quasi-LOS, P2 on Fig. 7(a)
and 7(b)), while MPCs occurring in the range ϕ ≈ 20◦ − 26◦

and ϑ ≈ −6◦ were initially reflected off the Galeria Kaufhof
(P1, see Fig. 6, 7(a) and 7(b)) and then propagated through
the street canyon (SC 1 on Fig. 6) acting as a waveguide.
MPCs with azimuth angles between 39◦ − 40◦ and elevation
of about −5◦ (P3, Fig. 6, 7(a) and 7(b)) are deemed to have
been reflected off the Inter-Continental building initially and

3Note that c0 ≈ 3 x 108m/s denotes the speed of light in vacuum.

then propagate through the street canyon (SC 2, also in Fig. 6).
Other observable MPCs with large delay (about 600 m) and
elevation angle of about −1.5◦ to −3◦ are contributions from
far-away scatterers.

A similar analysis was implemented on all other measure-
ment points, and we determined probable routes and IOs as
well. This serves not only to gain insights into the propagation
mechanisms of MPCs in the urban macrocellular environment,
but also to validate the high-resolution parameter extraction
procedure. Similar analyses were also performed in [12], [13]
and [29]. A detailed discussion of the propagation mechanisms
of MPCs in this environment is provided in [30].

As a further check for the validity of our high-resolution
parameter extraction procedure, we evaluated the relative
residual power error (∆p) between the power of the measured
transfer function and that of the reconstructed transfer function
(obtained using RIMAX results). The relative residual power
error was calculated as: ∆p = |P−P̂|

|P| , where P denotes the
power of measured channel and P̂ denotes the power4 of
the reconstructed channel (with DMC power included). ∆p
obtained in our analysis was 2.3%. Note that this is the power
not contained in either the discrete MPCs or the DMC, and
thus different from the difference between total power and
specular MPC power that was used in other papers to assess
the importance of non-discrete MPCs.

Another observations is that the aforementioned MPCs
naturally grouped into clusters. This clustering phenomenon
of MPCs is discussed subsequently.

Fig. 6: Illustration of receiver position 47.

B. Clustering analysis

We define a cluster as a group of MPCs whose parameter
values in all dimensions, i.e., delay, azimuth and elevation at
TX and RX are very similar, while being notably different
from those of other MPCs in at least one dimension. Clus-
tering allows a more compact channel description through the
use of intra- and inter-cluster distributions, and thus has been
adopted in modern channel models such as COST 259 [31],
[32], 3GPP SCM [9], ITU-Winner [33], and COST 2100 [34].

4Note that the power was averaged over all polarization.
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(a)

(b)

Fig. 7: (a) DoD (az-delay) plot of extracted MPCs. (b) DoD
(el-delay) plot of extracted MPCs.

Fig. 8: Clusters at RX position 47.

In our work, we use the K-power means clustering algorithm
[35], [36], [37], [38], [39], along with visual inspection (as
done in [40], [41], [42]) to obtain a reasonable number
of clusters. We then proceed to estimate cluster angular and
delay statistics. Note that the cluster angular parameters in-
clude elevation-of-departure (EoD), elevation-of-arrival (EoA),
azimuth-of-departure (AoD) and azimuth-of-arrival (AoA).

Sample clustering results for RX position 47 are shown

in Fig. 8. From this plot, it is clearly observable that these
clusters stem from the different IOs (shown in Fig. 6). Similar
clustering analyses were performed for all other measured
locations. Statistics of the aforementioned parameters inherent
to the clusters can be used in our modeling process.

C. Clustering statistics

A statistical channel model is developed based on the results
from the clustering analysis. From [31], the generic form of
the impulse response h

′
of the channel can be represented as:

h
′
(τ,ΩTX,ΩRX) =

M∑
m=1

∑
n∈Cm

h
′

n(τ,ΩTX,ΩRX), (5)

where indices of the MPCs hl(τ,ΩTX,ΩRX), l = 1, ..., L can
be grouped into M ≤ L disjoint clusters

C1, ..., CM , (6)

with each cluster having Nm ≥ 1 elements, and
M∑
m=1

Nm = L. (7)

Cluster-based channel models are characterized by two sets
of parameters, namely intra- and inter-cluster parameters.
The inter-cluster parameters are cluster time-of-arrival (ToA,
Tm), cluster DoD (ΩTXm ), cluster direction-of-arrival (DoA)
(ΩRXm ), cluster power, and number of clusters (M ). The
intra-cluster parameters include MPC ToA (τm,n), MPC DoA
(ζm,n), MPC DoD (ψm,n), MPC complex amplitude (βm,n)
and the number of MPCs (n) per clusters. For ease of
discussion and similarity to what is available in the literature,
we will henceforth refer to MPCs as rays.

Following the Saleh-Valenzuela model [43], the cluster and
ray arrival time distributions may be described by two Poisson
processes, which implies that the cluster inter-arrival times
and ray intra-arrival times are typically described by two
independent exponential probability density functions (PDFs)
as follows:

p(Tm|Tm−1) = Λ · e−Λ(Tm−Tm−1), m > 0, (8)

p(τm,n|τm,n−1) = λ · e−λ(τm,n−τm,n−1), n > 0, (9)

where Λ is the mean cluster arrival rate and λ is the mean ray
arrival rate.

1) Intra-cluster parameters: The intra-cluster parameter
ToA of rays within each cluster is defined relative to the
smallest arrival time of all the rays within the cluster.

The cluster and ray power was modeled as

β2
m,n = β(0, 0)2 · e−

Tm
Γ · e−

τm,n
γ · PΩTXm

· PΩRXm
, (10)

where Γ and γ are the cluster and ray decay constants,
respectively, and β(0, 0)2 is the average power of the first
ray in the first cluster [44]. PΩTX and PΩRX are intra-cluster
distribution in the angular domain (power angular spectra)
and are modeled, both in the azimuth and elevation domains,
using the Laplacian distribution which is of the form:
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PΩ(Ω) =
1

2σΩ
· e−

|Ω−Ωn|
σΩ . (11)

DoA/DoD are defined relative to the cluster center, which
is computed as the power-weighted mean of DoA/DoD of
all rays within the cluster. The measured distributions of
the intra-cluster angular parameters at a sample location as
well as their comparison to the Laplacian fit is shown in
Figs. 9(a) - 9(d). The distribution (using an ensemble of all
measured locations) of the spread of these angular parameters
are modeled by lognormal distribution. The parameters of
the lognormal distribution are shown in Table IV. Parameters
λ,Λ,Γ and γ have been extracted as done in [44] and [45]
with values also provided in Table IV.

The delay between the ToAs of sucessive rays is modeled
using an exponential distribution as described in (9). The
PDP of each cluster is a one-sided exponentially decaying
function as can be seen from (10). All cluster spreads (angular
and delay) were found to be lognormally distributed with the
mean and variance provided in Table IV. Correlation between
cluster parameters5 was explored in our work with correlation
coefficient values provided in Table IV. The ray arrival rate
λ, and the inter-cluster parameters Γ and Λ are modeled as
constants. The number of rays per cluster were modeled with
an exponential distribution, where the average number of rays
per cluster was approximately 16.

2) Inter-cluster parameters: In the inter-cluster case, we
define the angular and delay parameters for each cluster
center relative to the geometric LOS connection (which is
defined irrespective of whether a LOS MPC exists or not).
The ToA of this LOS connection is given by the Euclidean
distance between the TX and RX array at each measurement
location, while the DoA and DoD are determined by the
orientation/alignment of the RX relative to LOS during the
channel measurement.

We found the relative cluster EoD and EoA to be Lapla-
cian distributed, while the relative AoD follows a Gaussian
distribution. Also, the relative AoA was found to follow a
uniform distribution in the range [−π, π). Figs. 10(a)-10(d)
show the aforementioned distribution fits while the parameters
of these distributions are provided in Table IV. Note that the
selected distribution fits had the highest passing rates (at 5%
signifcance level) when compared to other candidate distri-
butions in a Kolmogorov-Smirnov (K-S) hypothesis test [46].
The K-S procedure is a standard nonparametric hypothesis
test of the equality of continuous, one dimensional probability
distributions. It is based on the maximum difference between
an empirical and a hypothetical cumulative distribution. The
inter-cluster parameters were found to be uncorrelated, which
is understandable due to the NLOS nature of the environment
and the cluster-based modeling procedure. However, cluster
parameters might in fact be correlated when using a class-
based modeling (i.e., grouping clusters into classes) as in
[30].

The cumulative distribution function (CDF) of the number
of clusters from all measured locations in the urban environ-

5We used the logarithmic values of the parameters.
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Fig. 11: Distribution of the number of clusters.

ment is shown in Fig. 11. Although some works have reported
smaller values in urban environments [32], others such as [12]
show quite similar results. The number of clusters Nk can be
modeled (similarly to the COST 259 model) as Nk = Ncmin +X ,
where Ncmin = 1 is the minimum number of clusters, while X
is a Poisson distributed random variable with an average rate
(ηc) of 2.18.

The cluster shadowing gain (SF) is defined as the deviation
of the cluster power from its expected value [47], which in
turn can be derived from the estimation of the cluster power
decay constant (Γ, see (10)). In other words, when the cluster
power decay constant is estimated, the linear regression fit
provides an expected cluster power for a certain relative cluster
delay. The cluster shadowing in our analysis is modeled
to be lognormally distributed, i.e., its logarithmic value is
approximated by a zero-mean Gaussian distribution (as shown
in Fig. 12) with standard deviation (σcl) of 7.47 dB. We can
see that the fit is somewhat loose; however, since lognormal
distribution of shadowing gains is widely used in the literature,
we adhere to this convention.

The lognormal distribution was confirmed by matching the
empirical data to some typical theoretical distribution such as
lognormal, Nakagami, Rayleigh, Ricean, and Weibull. The K-
S hypothesis test was used to determine the goodness-of-fit
(GOF) of these distribution at 5% significance level. Results
of the K-S test are shown in Table II below, it can be seen
that the lognormal distribution gives the highest passing rate.

D. Cluster polarization

A complete channel model requires the description of the
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Fig. 12: PDF of cluster shadowing gain.
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Fig. 9: Distribution of the intra-cluster angular (centered) parameters of rays for a sample location.
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Fig. 10: Distribution of the inter-cluster angular parameters.

TABLE II: Passing rate of K-S test at 5% significance level.

.

Distribution K-S
Weibull 81.57
Rayleigh 65.87

Rician 65.87
Lognormal 92.36
Nakagami 66.36

polarization [48], [49] and [50]. The cluster polarization can
be described by a two-by-two polarimetric matrix Apol,

Apol [dB] =

[
CPRHH XPRHV
XPRVH CPRVV

]
, (12)

where the co- and cross-polarization ratios are represented as
CPR and XPR while V and H denote vertical and horizontal
polarization respectively. The off-diagonal element, XPRHV
(see (13)) describes the (total power) crosstalk from horizontal
to vertical polarization of MPCs within a cluster (and similarly
for XPRVH (see (14))).

XPRmHV(dB) = 10 · log10

(∑Nm
n=1 |αHH,m,n|2∑Nm
n=1 |αHV,m,n|2

)
(13)

XPRmVH(dB) = 10 · log10

(∑Nm
n=1 |αVV,m,n|2∑Nm
n=1 |αVH,m,n|2

)
(14)

On-diagonal elements CPRHH and CPRVV represent the ra-
tio of the co-polarized component compared to the total power.
From our analysis, XPR in dB is approximately Gaussian
distributed with a 6 dB average and a standard deviation
of 1.5 dB. The occurrence of this distribution for XPR had
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Fig. 13: Distribution of the XPR.

been reported in the literature [32], [51] and [52] for different
environments and is confirmed by Figs. 13(a) and 13(b).
Parametric values for this distribution are provided in Table
IV below. Note that depending on the propagation conditions,
XPRHV can be different from XPRVH. Also, within each
cluster, the XPR of rays ( ¯XPR) can also be modeled as a
Gaussian distributed variable with mean value as the cluster
XPR while the standard deviation values are 4.19 for ¯XPRHV
and 4.52 for ¯XPRVH.
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Fig. 14: Linear regression fit for pathloss and delay.

E. Pathloss and shadowing model

Pathloss model: Following the literature, we use a conven-
tional power law equation [53], [54] to model the distance-
dependent pathloss PL in dB (also known as α − β model
[55]):

PL(d) = P0 + 10 · ξ · log10

(
d

d0

)
+ χσ, (15)

where d0 is the reference distance namely 1 m, P0 is the
(fitted) pathloss at the reference distance, ξ is the pathloss
exponent and χσ is a random variable describing large-scale
variations (in dB) due to shadowing; adhering to the literature
[56] and [57], we model the shadowing by a lognormal
(i.e., Gaussian on a dB scale) distribution. Fig. 14 shows the
scatter plot of PL for all measurements conducted at different
distances and a linear regression fit. All parameters extracted
are provided in Table IV. Of course, the fit is only valid for the
distance range of 200-728 m, namely the distances for which
underlying measurements exist.

Shadowing: The bulk6 shadowing gain (denoted as χσ in
(15)) accounts for the large-scale fluctuation of the received
power. We see that, in agreement with the modeling as-
sumption in (15), the logarithmic value of the measured
deviation closely matches a zero-mean Gaussian distribution
(N(0, σχ[dB])) (see Fig. 15 and Table IV).
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Fig. 15: CDF of the bulk shadowing gain.

6The term bulk denotes that we are analyzing the shadowing using the
entire channel response.

The lognormal distribution was confirmed here as well by
using a K-S hypothesis test to determine the GOF of different
candidate distributions at 5% significance level, see Table III.

TABLE III: Passing rate of K-S test at 5% significance level.

Distribution K-S
Weibull 69.48
Rayleigh 15.39
Rician 15.38

Lognormal 95.41
Nakagami 22.68

F. Dense multipath component (DMC)

The DMC consists mainly of a large amount of weak
MPCs originating from, e.g., scattering from objects that are
either small in size compared to the wavelength or have rough
surfaces [58], [59]. It is usually described as the residual
after the specular component in the channel response has been
extracted.

Although more sophisticated techniques have been intro-
duced in [60] and [61] to advance the modeling of DMC, in
our work we adhere to the DMC model as discussed in [28],
[62], [63]. The analysis in this work is done over an aggregate
of the different polarization components.

The DMC is described by its covariance matrix RD (see (2))
and can be decomposed into the Kronecker-product of three
matrices:

RD = RR ⊗ RT ⊗ RF, (16)

where RF is the covariance matrix in the frequency domain
while RR and RT are the covariance matrices of the antenna
array elements at the TX and RX.

The frequency domain covariance matrices can be modeled
by:

RF = toep(λ̄(θF), λ̄(θF)†), (17)

where the operator toep(·) denotes a Toeplitz matrix [64],
[65] and λ̄ is a sampled version of the power spectral density,
given by

λ̄(θF) =
α̃1

Mf

 1

β̃d
,

e−j2πτd

β̃d + j2π 1
Mf

, · · · , e
−j2π(Mf−1)τd

β̃d + j2π
Mf−1
Mf

T .
(18)

The parameters of the frequency domain covariance matrix
model are

θF = [τd, β̃d, α̃1]T , (19)

where βd is the normalized7 coherence bandwidth of the
channel, τd and α̃1 are the delay of arrival and power of the
first component in the time domain8 equivalent of (17).

The spatial covariance matrices (RT and RR) can be mod-
eled as:

RR/T = BR/T ·K(θR/T) · B†R/T, (20)

7Note that the normalization is done with the measurement bandwidth.
8This is obtained by using an inverse Fourier transform.
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Fig. 16: Comparison of (a) measured (h) (b) residual ( h−(S(θsp))) and (c) modeled DMC Power-azimuth-delay-profile (PADP)
at Tx end for Rx Position 47.

where BR/T denotes the antenna array responses at RX and
TX, while K(θR/T) is a diagonal matrix whose entries are
determined by the angular probability density distribution of
the DMC, which is modeled as a Von-Mises distribution
(VMD) [62]. Superscript † denotes Hermitian transpose. The
PDF for the one-dimensional case is defined as:

fϕ(ϕ, µ, κ) =
1

2π · I0(κ)
· eκ · cos(ϕ−µ) (21)

where µ is the mean angle, κ the concentration parameter,
and I0 the modified Bessel function of the first kind of the
order zero. A beamformer approach is discussed in [62] where
an additional uniform distribution (UD) with magnitude ᾱ is
introduced such that (21) is modified to:

fϕ,UD(ϕ, µ, κ, ᾱ) = eκ · cos(ϕ−µ) · e−κ
(
Â− ᾱ

)
+ ᾱ, (22)

where Â is the maximum value of the beamformer output. In
our work we assume that the joint elevation-azimuth distribu-
tion can be factored into terms for elevation and azimuth that
each follow (21), i.e.,

fϕ,ϑ,UD(ϕ, ϑ, µϕ, µϑ, κϕ, κϑ, ᾱϕ, ᾱϑ) = fϕ,UD(ϕ, µϕ, κϕ, ᾱϕ)·
fϑ,UD(ϑ, µϑ, κϑ, ᾱϑ)

(23)

Parameters of K(θT/R) in the spatial domain are given
by θT = [µϕ,T, µϑ,T, κϕ,T, κϑ,T, ᾱϕ,T, ᾱϑ,T] and θR =
[µϕ,R, µϑ,R, κϕ,R, κϑ,R, ᾱϕ,R, ᾱϑ,R].

Additional discussion on spatial modeling with the Von-
Mises distribution is provided in [60], [62], [66].

We extracted DMC spatial-temporal parameters at all mea-
sured locations. Statistical distribution fits and corresponding
moments for the extracted parameters are provided in Table
IV while sample plots of the CDF for parameters such as α̃1
and κϕ,T (both lognormally distributed) confirm a good fit of
their logarithmic value to the Gaussian distribution as shown
in Figs. 18(a) and 18(b). To further validate the modeling of
the DMC, we synthesized the DMC by using (16) - (23). We
then generated (i) the power-azimuth-delay-profile (PADP) of
the measurement data, which includes both specular and DMC
components, (ii) extracted residual components only (from the
measurement data) and (ii) the modeled residual at the TX
end when taking position 47 as the measurement location. The

plots for the PADP are shown in Figs. 16(a) to 16(c). It can
be clearly observed from the aforementioned figures that the
modeled residual does fit well to the residual obtained from
the actual measurement data.

The amount of power that the DMC (η̂dmc) contributes to
the total channel power is calculated from the RD as:

η̂dmc = Tr{RD}, (24)

where Tr{·} is the Trace of a matrix. The fractional DMC
power f̂dmc, i.e., the percentage the DMC contributes to the
total channel power (PTot) is derived as

f̂dmc =
η̂dmc

PTot
· 100%. (25)
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Fig. 17: Empirical CDF of the fraction of power contained
in the DMC.

The corresponding CDF of f̂dmc is provided below in Fig.
17. It can be observed that the average value of f̂dmc is not
too large meaning that the contribution of the DMC is rather
moderate in this scenario. Similar effects have also been
observed in [62].

V. MODEL VALIDATION

Verification of the results proceeds in two steps. In a first
step, we verify the measurement setup; this has been done in
[24] and further confirmed by comparison of the extracted
MPCs (and the resulting interactions with the IOs) with a
geographical map of the environment as described in Sec. IV-
A. In a second step, we verify that the model derived in Sec.
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TABLE IV: Extracted parameters.
Parameter Notation Values
Pathloss coefficient ξ 3.80
Pathloss at 1m (reference distance) P0 (dB) 23.89
Bulk shadowing std. σ (dB) 5.50

Intra-cluster parameters
Parameters EoD AoD EoA AoA
Distribution Laplacian Laplacian Laplacian Laplacian
cluster angular spread ESD ASD ESA ASA
Distribution Lognormal Lognormal Lognormal Lognormal
mean (dB◦) 0.20 1.09 0.97 1.38
std. (dB◦) 0.05 0.23 0.24 0.25
Parameter γ

Distribution Lognormal
mean (dBns) 1.25
std. (dBns) 0.30
ray arrival rate (λ) (1/ns) 0.44
Distribution of the No. of rays per cluster Exponential
Average number of rays per cluster 16.0

Parameter cluster shadowing gain (SF)
Distribution Lognormal
mean (dB) 0.00
std. (dB) 7.47

Inter-cluster parameters
Parameter rel. AoD rel. EoD rel. EoA rel. AoA
Distribution Gaussian Laplacian Laplacian Uniform

Distribution Parameter mean, std. mean, std. mean, std. min, max
6.5◦ , 14.4◦ 1.0◦ , 1.9◦ 5.1◦ , 12.7◦ -180.0◦ , 180.0◦

Distribution of the No. of cluster Poisson
Average number of clusters (N̄k) 3.18

cluster arrival rate (Λ) (1/ns) 0.015
cluster decay cnst. (Γ ) (ns) 71.23

cluster polarization
Pol. Parameters XPRHV XPRVH
Distribution Gaussian Gaussian
mean (dB) 6.20 6.10
std. (dB) 1.59 1.26

ray polarization
Pol. Parameters XPRHV XPRVH
Distribution Gaussian Gaussian
mean (dB) N(6.20, 1.59) N(6.10, 1.26)

std. (dB) 4.19 4.52
Cross-correlation

intra-cluster parameter 1 intra-cluster parameter 2 Coefficient
ESD ASD 0.51
ESA ASA 0.48
ESD ESA 0.13
ESD ASA 0.06
ESA ASD 0.01
ASD ASA -0.05
ESD SF -0.30
ASD SF -0.33
ESA SF -0.33
ASA SF -0.22
τrms SF 0.03
τrms ESD 0.25
τrms ESA -0.01
τrms ASD -0.01
τrms ASA -0.08
inter-cluster parameter 1 inter-cluster parameter 2 Coefficient
rel. AoD rel. EoD -0.12
rel. AoD rel. EoA -0.04
rel. AoD rel. AoA 0.01
rel. EoD rel. EoA 0.10
rel. EoD rel. AoA -0.11
rel. EoA rel. AoA -0.13
ToA rel. EoD 0.14
ToA rel. AoD -0.10
ToA rel. EoA -0.12
ToA rel. AoA 0.05

DMC parameters
Parameter mean std. distribution
α̃1(dB) -117.12 9.09 Gaussian
β̃d 0.15 0.05 Gaussian
τd(dBns) 1.40 0.60 Lognormal
rel. µϕ,T(◦) 13.5 9.2 Gaussian
κϕ,T(dB) 15.47 2.76 Lognormal
ᾱϕ,T 0.93 0.02 Gaussian
rel. µϑ,T(◦) 5.1 5.3 Gaussian
κϑ,T(dB) 17.15 6.21 Lognormal
ᾱϑ,T 0.94 0.02 Gaussian

rel. µϕ,R(◦) 26.8 23.1 Gaussian
κϕ,R(dB) 9.41 3.72 Lognormal
ᾱϕ,R 141.60 0.92 Gaussian
rel. µϑ,R(◦) 14.4 6.6 Gaussian
κϑ,R(dB) 13.98 4.16 Lognormal
ᾱϑ,R 141.63 0.55 Gaussian

Note that the mean and std. of the rel . EoD are define relative to the geometry of the LOS.
The logarithmic values of the angular spreads (ESD, ASD, ESA, ASA) and delay spread (τrms) are computed as log10(·) (dB).
Note that rel. µϕ,T(◦), µϑ,T(◦), µϕ,R(◦) and µϑ,R(◦) correspond to the relative (with respect to the geometric LOS) values.

IV reproduces channel characteristics in agreement with the
underlying raw measurement data. For this purpose, we use
the rms delay and the directional spreads as validation metrics
by comparing results obtained from the overall channel model
simulation to those obtained directly from the measurement
data.

We finally note that these steps are not a proof that the
model holds for any arbitrary urban environment, but rather
that the model correctly reproduces the measurements in our
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Fig. 18: Empirical CDF of DMC (a) delay parameter α̃1 (dB)
(b) spatial parameter κϕ,T (dB) with corresponding Gaussian
fit.

specific measured environment. A comparison of the results9

obtained in our campaign with those of measurements in
different environments is given in Table V.

Generally (from Table V), we find that the qualitative
behavior of ”standard” channel parameters (angular spreads,
τrms, pathloss coefficient and shadowing gain) extracted in this
paper is comparable to the measurements enumerated in Table
V as well as to urban macrocellular models exisiting in the
literature, such as the COST models [32], [68]. It is important
to note that the aggregate channel parameters from our work
have been used for comparison in Table V and not the cluster-
based results as this affords us the opportunity to compare
with existing models since there is a dearth in cluster-based
models. Disparity between some parameters could stem from
the difference in the environment as well as differences in
measurement setup, parameter extraction algorithms, etc.

A. RMS delay spread

The CDF plots of τrms obtained from raw data and model
results are provided in Fig. 19. It is clearly observable that the
CDF of the τrms values derived from the simulation provides
a close fit to that derived from the actual measurement data.

9To ease the comparison of our results with those in other papers, the
angular spreads in Table V have been computed using eq. (6.58) in [53]
instead of the Fleury definition [67].
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Fig. 19: Empirical CDF of rms-delay spread computed from
measurement and corresponding simulated rms-delay spread
obtained from the channel model.

B. Directional spread

The directional spread is used to compare the statistical
angular properties of the channel model to that of the mea-
surement data. Figs. 20(a) and 20(b) compares DoD direction
spread in elevation (σel) and azimuth (σaz) according to the
definition of Fleury [67]. Again simulated channel model
results agree quite well with the measurement results, which
implies that our channel model is indeed appropriate to repro-
duce the measured data.
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Fig. 20: Empirical CDF of the (a) DoD σel (b) DoD σaz com-
puted from measurement data and corresponding simulation
values obtained from the model.
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TABLE V: Comparing extracted channel parameters from different papers.
Papers Values ESD

log10([◦])
ASD
log10([◦])

ESA
log10([◦])

ASA
log10([◦])

τrms
log10([s])

ξ χσ
(dB)

measurement environment, setup, and type of parameters

This paper mean (dB) 0.52 1.09 1.29 1.83 -6.97 3.80 5.50 • NLOS urban macrocellular European oldtown (mid-rise build-
ings), Cologne, Germany.

• 3D MIMO with 900 element TX array (cylindrical - with
synthetic aperture configuration) by 32 element RX array (cylin-
drical) using an RF switch.

• Center frequency: 2.35 GHz, bandwidth: 20 MHz.
• High-resolution parameter extraction (RIMAX).
• Cluster-based modeling.
• Provides all parameters for 3D modeling including DMC.

std. (dB) 0.15 0.23 0.13 0.25 0.36
Ref. [69] mean (dB) 0.83 1.05 1.26 1.87 -6.51 N/A N/A • LOS and NLOS urban macrocellular and microcelluar environ-

ment with modern high-rise buildings, Xian, China. Only results
for NLOS shown here.

• 3D MIMO with 32 element TX array (dual polarized 8 × 8
planar) elements by 50 element RX array (arbitrary – crown-
shaped) using an RF switch.

• Center frequency: 2.6 GHz, bandwidth: 35 MHz.
• High-resolution parameter extraction algorithm (SAGE).
• Models – angular and delay statistics of rays, but not pathloss,

shadowing, polarization and DMC. Model is not cluster-based.

std. (dB) 0.04 0.10 0.16 0.11 0.23
Ref. [11] mean (dB) 0.77 1.09 1.17 1.84 -6.44 N/A N/A • NLOS urban macrocellular European oldtown (mid-rise build-

ings), Cologne, Germany.
• 3D MIMO with 32 element TX array (cylindrical) by 32 element

RX array (cylindrical) using an RF switch.
• Center frequency: 2.35 GHz, bandwidth: 20 MHz.
• High-resolution parameter extraction (RIMAX).
• Models – angular and delay spread statistics of rays, but

not pathloss, shadowing, polarization and DMC. Model is not
cluster-based.

std. (dB) 0.27 0.25 0.19 0.15 0.31
Ref. [16] mean (dB) N/A N/A 1.09 1.85 -6.49 N/A N/A • Mostly NLOS urban macrocellular European oldtown (mid-rise

buildings), Mulhouse, France.
• 3D SIMO with a single element TX antenna by 441 element RX

array ( 21 × 21 virtual uniform planar configuration).
• Center frequency: 2.2 GHz, bandwidth: 62.5 MHz
• Beamforming parameter extraction algorithm.
• Models – angular spread (at RX), delay spread and polarization

of rays, but not angular characteristics at TX, pathloss, shadow-
ing and DMC. Model is not cluster-based.

std. (dB) only a single sample result was provided
Ref. [70] mean (dB) N/A 0.33 1.31 1.60 -7.15 N/A 8.30 • LOS and NLOS urban macrocellular European oldtown (mid-

rise buildings), Ilmenau, Germany. Only results for NLOS shown
here.

• 3D MIMO with 16 element TX array (uniform linear config-
uration) by 48 element RX array (cylindrical ) + MIMO-Cube
using an RF switch.

• Center frequency: 2.53 GHz, bandwidth: 2 × 45 MHz.
• High-resolution parameter extraction (RIMAX).
• Describes angular spread (at the RX), delay spread, pathloss

and shadowing, but not elevation spread at TX, polarization and
DMC. Model is not cluster-based.

std. (dB) 0.35 0.16 0.21 0.18

Note that the parameter values from Ref. [16] are from a single sample value (not over an ensemble). Also, the results are from the VV-polarization measurements.

VI. SUMMARY AND CONCLUSION

We conducted a 3D propagation channel measurement cam-
paign in an urban macrocellular NLOS environment using an
advanced MIMO antenna array setup. We extracted parame-
ters using RIMAX – a high-resolution parameter extraction
algorithm. Our main findings can be summarized as follows:

• The MPCs can be explained by physical propagation
routes in the environment.

• MPCs are naturally grouped together into clusters in the
propagation environment. A detailed clustering analysis
of the propagation channel was provided.

• In line with findings in previous papers, the intra-cluster
DoD/DoA follows a Laplacian distribution with the an-
gular and delay spread parameters being lognormally dis-
tributed and the inter-cluster parameters such as EoD and
EoA follow Laplacian distribution while AoD and AoA
were Gaussian and uniformly distributed respectively.
The cluster relative delay is exponentially distributed.

• For the cluster polarization, the cross-polarization ratios
(XPR) in dB are Gaussian distributed with mean about
6 dB. The co-polarized values are equal. The XPR of

rays in dB are modeled as Gaussian distributed random
variable with mean as the cluster XPR value while
standard deviation values are 4.2 (XPRHV) and 4.5 dB
for XPRVH.

• The pathloss can be modeled as a single-slope power law
with pathloss exponent (ξ) 3.8 while the bulk shadowing
is zero-mean lognormal distributed with standard devia-
tion of about 5.5 dB for the measured distance range of
200-730 m.

• We provide temporal and spatial parameters for the
covariance matrices of the DMC and their statistical dis-
tributions. The fractional power of the DMC is about 15%
on average. This implies that the DMC does contribute a
moderate percentage of power to the propagation channel
being studied.

• By using two metrics, rms delay spread and directional
spreads, we validated that the model can provide a close
fit in the CDF plot between the actual data measurement
results and that of the synthetic data generated using our
developed channel model. The extracted parameters are
(as far as comparable data exist) in reasonable agreement



14

with the existing literature. For parameters that were
measured for the first time in this paper, future measure-
ments will be required to assess their sensitivity to the
environment.

Although a single 3D measurement campaign like this
cannot provide a complete characterization of the whole
”urban macrocellular” environment, we however believe that
these results are useful for understanding and simulating 3D
urban macrocellular propagation channels. We also note that
preliminary results from our measurements were used as an
input to the 3GPP standardization of 3D channel models [9].
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