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Institute for Integrated Signal Processing Systems
RWTH Aachen University, Germany
{ispas, ascheid}@iss.rwth-aachen.de

Institute of Information Technology
Ilmenau University of Technology, Germany
{christian.schneider, reiner.thomae}@tu-ilmenau.de

Abstract—A common simplification in the treatment of random
linear channels is the wide-sense stationary and uncorrelated
scattering (WSSUS) assumption. For wireless channels, this
assumption is, however, only fulfilled in an approximative sense
inside local time-frequency regions. Since algorithms in wireless
digital communications often rely on knowledge of second order
statistics of the channel, it is important to know the size of local
quasi-stationarity regions. Thus, we determine quasi-stationarity
regions in distance for an urban macrocell scenario. We observe
that, based on the chosen measure and in our specific scenario,
the time-frequency properties are dominant compared to the
spatial properties in defining the size of quasi-stationarity regions.
Furthermore, we find that in some cases the quasi-stationarity
regions strongly depend on the mobile terminal orientation.

I. I NTRODUCTION
Common simplifications in the treatment of random linear channels are the wide-sense stationary (WSS) and the
uncorrelated scattering (US) assumption. Together these two
properties define a WSSUS channel. However, early empirical
evidence for non-WSSUS wireless single-input and singleoutput (SISO) channels, i.e., non-stationary wireless SISO
channels in time and frequency, can be found in, e.g., [1] for an
indoor channel and in [2] for an outdoor channel. Therefore,
the determination of quasi-stationarity regions, i.e., regions in
which a stochastic process is approximated as stationary, is
important for algorithms which rely on knowledge of, e.g., second order statistics of the channel.
In [3], the quasi-WSSUS SISO channel model is introduced.
This model separates the randomness of the channel in a fast
and a slow fading part to define local WSSUS channels. In
[4], a framework for non-WSSUS SISO channels, which are
doubly underspread (DU), i.e., in dispersion and correlation,
is introduced. The concept of a scattering function is extended
to non-stationary random processes and named (generalized)
local scattering function ((G)LSF). For DU channels an estimator of the GLSF is presented in [5] and [6].
In order to determine quasi-stationarity regions, appropriate
measures are needed. For a SISO channel these can be based
on the GLSF: one measure is the collinearity [6], which is a
normalized variant of the standard inner product in Euclidean
space. Another measure, called the spectral divergence [7],
was originally introduced to compare power spectral densities.
For a multiple-input and multiple-output (MIMO) channel, in
[8] and [9], a measure called the correlation matrix distance
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(CMD) is used. It does not consider the time-frequency
properties, but characterizes only the (dis)similarity of the
spatial properties between two correlation matrices. This is
especially useful for spatially based algorithms.
Contribution: The goal of this paper is to determine quasistationarity regions in distance for the wireless channel in
an urban macrocell scenario. In particular, based on the
collinearity measure, we
• study the dependence of these quasi-stationarity regions
on the orientation of the mobile terminal (MT) antennas,
• compare the quasi-stationarity of the time-frequency and
the spatial properties for our specific scenario,
• analyze the quasi-stationarity of the spatial properties at
the MT and the base station (BS), individually and jointly.
We emphasize that we only study quasi-stationarity in distance
and of second order moments only.
Notation: Ft→f {·} denotes the Fourier transform from the
t to the f domain, and F−1
f →t {·} its inverse. (x∗n y)(·) denotes
the n-dimensional convolution of x(·) and y(·). |A| denotes
the cardinality of the set A. tr {A} and ||A||F denote the
trace and the Frobenius norm of the matrix A, respectively.
A ⊕ B denotes the block matrix resulting from the direct sum
of the matrices A and B.
II. L OCAL S CATTERING F UNCTION
The local scattering function (LSF) is an extension of the
scattering function in the context of WSSUS channels to the
non-stationary case. It is, thus, a time and frequency dependent
power density spectrum in the delay and Doppler domain. It
is defined according to
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CH (t, f ; ν, τ )  FΔt→ν F−1
H
Δf →τ
where
RH (t, f ; Δt, Δf )  E {LH (t, f + Δf )L∗H (t − Δt, f )} (2)
is the correlation function and LH (t, f ) denotes the timevarying transfer function of the channel. A second order
stationary channel in time and frequency has a constant LSF
over t and f , respectively. Note that an up to second order
stationary process in time and frequency is uncorrelated in
Doppler and delay, respectively. The reverse is only true for a
constant, e.g., zero-mean, process. For the rest of the present
work, by stationarity, we mean quasi-stationarity of second
order moments only, unless otherwise stated.
In [4], the class of DU channels is introduced. These
channels are, on the one hand, dispersion underspread with a

maximal delay-Doppler product τmax νmax  1. This property
is well known from WSSUS channels. On the other hand,
Δνmax
 1,
they are correlation underspread with Δττmax
max νmax
where Δτmax and Δνmax denote the maximal correlation in
delay and Doppler, respectively. This essentially means that
the time-frequency coherence region is much smaller than the
corresponding stationarity region.
The LSF has some deficiencies, e.g., it is not guaranteed
to be positive. For DU channels it is possible to define
generalized local scattering functions (GLSFs) [4]
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L∗Gk (−t, −f + Δf )

×LGk (−t − Δt, −f )e−j2π(νΔt−τ Δf ) d Δt d Δf

(4)

where LGk (t, f ) are windowing functions in time-frequency,
γk ≥ 0 normalizing constants, and K the number of windows
used. From this, it can be seen that a GLSF is a smoothed
version of the LSF. The GLSFs have practically important
properties: they are real-valued and positive, and, for DU
channels, approximately equivalent. For further details we
refer to [4]. Neither the LSF, nor the GLSF is directly
obtainable from measurements. However, for DU channels an
estimation of the GLSF, i.e., a spectral estimator, using only
a single measurement per track is proposed in [5] and [10].
Since the channel measurements are available at discrete
time and frequency instants, we are interested in a discrete
representation of the GLSF. One obtains in this case [6]
K−1
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LH [m, q], LGk [m, q], m, q, p, and n are the discrete equivalents to the continuous case. Nt and Nf denote the window
lengths in time and frequency, respectively. Ts and Fs are the
time and frequency difference between consecutive samples,
respectively. By removing the expectation operator in (5), we
obtain the GLSF estimator from [5] in the discrete setting.
III. M EASURES FOR S TATIONARITY R EGIONS
In order to obtain stationarity regions, we need appropriate
measures that can be compared to chosen thresholds. When
studying stationarity in time of the time-frequency properties
only, we use the collinearity of the GLSF between different
time instances for all MIMOsublinks:

(Φ)
(Φ)
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with the block matrix
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CH [m, q]  CH,sl=1 [m, q]⊕...⊕CH,sl=NT X NRX [m, q] (8)
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and [CH,sl=i [m, q]]p,n  CH [m, q; p, n] for the MIMO
sublink i. NT X and NRX denote the number of antennas
considered in the MIMO link on transmitter (TX) and receiver
(RX) side, respectively. Furthermore, col{X, Y} ∈ [0, 1] for
[X]i,j ≥ 0 and [Y]i,j ≥ 0, or for positive semidefinite matrices
X and Y. Here and subsequently, we omit the frequency
dependency of the measures, since we do our analysis for a
fixed frequency. In a MIMO scenario the GLSF becomes more
complex, since the spatial domains at the TX and the RX are
added. Therefore, in [8] and [9], the CMD has been proposed.
Essentially, the CMD in time characterizes the (dis)similarity
in time of the spatial properties of the channel only:
CM Di [m, m ]  1 − col {Ri [m, q], Ri [m , q]}
tr {Ri [m, q]Ri [m , q]}
= 1−
(9)
Ri [m, q]F Ri [m , q]F
where the (Hermitian and positive semidefinite) matrix Ri can
be the full, the TX, or the RX correlation matrix defined as


H
Rf ull [m, q] = E vec {LH [m, q]} vec {LH [m, q]}

RT X [m, q] = E LTH [m, q]L∗H [m, q]

(10)
RRX [m, q] = E LH [m, q]LH
H [m, q]
with [LH [m, q]]j,i  LH [m, q] for the RX element j and the
TX element i. Therefore, with (10), one can choose between
analyzing the spatial properties at the TX and the RX jointly,
the TX only, or the RX only, respectively. We do not use the
spectral divergence as in [7], since the collinearity and the
CMD are essentially the same measure and, thus, comparable.
Furthermore, comparing (7) and (9), one sees that the inclusion
of the different sublinks in (7) ensures that the collinearity
of the GLSF and the full CMD have the same structure:
both measures perform a summation over all MIMO sublinks.
Note also that only stationarity of second order moments is
characterized by these measures.
Defining sets Mj [m] using thresholds thj as


(11)
Mcol [m]  m | colC(Φ) [m, m ] > thcol
H

MCM D,i [m]  {m | CM Di [m, m ] < thCM D,i } (12)
we obtain time dependent stationarity times
Tstat,j [m]  |Cj [m]| Ts

(13)

where Cj [m] is the connected subset of Mj [m] with maximum
cardinality and containing m. Generally, thresholds and, thus,
the stationarity times depend on the accuracy that is required
for the considered algorithm.
IV. MIMO C HANNEL M EASUREMENT C AMPAIGN
Our MIMO channel measurement campaign focuses on
gathering realistic channel data in an urban macrocell scenario
in the 3GPP Long Term Evolution (LTE) band. Channel
sounding is conducted at 2.53 GHz in 2 bands of 40 MHz.
On the BS side a uniform linear array (ULA) with 8 dualpolarized (horizontally and vertically) elements is used. Each
element consists of a stack of 4 patches in order to form a

V. P ROCESSING OF THE M EASUREMENT DATA

Fig. 1.

Overview of the MT reference tracks and the position of BS 1

narrow transmit beam in elevation. At the MT (passenger car) a
uniform circular array (UCA) with 2 rings of 12 dual-polarized
patches is used. Additionally, a cube with 5 patches is placed
on top. The BS serves as the TX and the MT as the RX.
The measurement campaign sequentially covers 3 BS positions with 25 m, 15 m, and 3.5 m height, and a centrally
located relay point with 3.5 m height. In total 22 individual
tracks with more than 120 measurement runs are performed.
In Fig. 1, an overview of the MT reference tracks and BS 1 is
shown. Track 10b-9a and 9a-9b feature an increasing distance
to BS 1, while track 41a-42 has a rather constant distance.
Table I summarizes the properties of the measurement
campaign. For further details we refer to [11] and [12].
GENERAL PROPERTIES
Scenario
Urban macrocell
Location
City center, Ilmenau, Germany
MIMO Measurement setup
3 BSs, 1 relay station, 22 tracks
Intersite distances
BS 1-2: 680 m, BS 2-3: 580 m,
BS 3-1: 640 m
CHANNEL SOUNDER PROPERTIES
Type
RUSK TUI-FAU, Medav GmbH
TX power
46 dBm at the power amplifier output
Center frequency fc
2.53 GHz
Bandwidth
2 bands of 40 MHz
Time sample spacing Ts
13.1 ms
Frequency sample spacing Fs
156.25 kHz
MIMO sublinks
928 (NT X = 16, NRX = 58)
AGC switching
In MIMO sublinks
Positioning
Odometer and GPS

Type

ANTENNA PROPERTIES
TX array
PULPA8

Height
Beamwidth, azimuth (3dB)
Beamwidth, elevation (3dB)
Tilt
Maximal velocity |vmax |

25 m, 15 m, 3.5 m
100°
24°
5° down
0

RX array
SPUCPA 2x12
+ cube
1.9 m
360°
80°
0
≈ 10 km/h

TABLE I
P ROPERTIES OF THE MEASUREMENT CAMPAIGN

In this work, we choose BS 1 at a height of 25 m as the
TX array, the lower UCA at the MT as the RX array, and the
3 reference tracks for our studies. We use the central 20 MHz
band in the lower frequency domain of the measurements and
study vertically polarized propagation. The considered MIMO
link consists of the central 4 antenna elements at the BS
(TX) and 3 neighboring antenna elements at the MT (RX) for
each orientation at the MT. The 4 orientations are the front
(direction of motion), the back, and the 2 sides of the MT. We
preprocess the data by estimating a noise level in the timedelay domain and not considering any values below it.
Before performing the GLSF estimation, we verify that
the DU assumption holds. For this, we need estimates of
the stationarity regions, thus, we can only perform a rough
check. The maximal velocity of the MT is |vmax | ≈ 10 km/h.
Since the base station is fixed and we assume the scatterers
to be fixed for now, we obtain a maximal Doppler frequency
|νmax | = |vmax |fc /c0 ≈ 23.4 Hz, with the center frequency
fc and the speed of light in vacuum c0 . This results in a
minimal coherence time Tc,min  1/|νmax | = 42.7 ms. We
observe a maximal delay τmax ≈ 5 μs, which gives a minimal
coherence frequency Fc,min  1/τmax = 200 kHz. Assuming
a minimal stationarity length of ds,min ≈ 10λc = 10c0 /fc =
1.19 m [13], a rough estimate of the minimal stationarity time
is Ts,min  1/Δνmax = ds,min /vmax ≈ 0.43 s. We estimate
the minimal stationarity in frequency as in [4] assuming that
correlation of different delay components is only a result
of scattering from the same physical object. Assuming the
maximal size of an object to be wmax ≈ 15 m, the minimal
stationarity in frequency is Fs,min  1/Δτmax ≈ c0 /wmax ≈
20 MHz. We, thus, obtain Δτmax Δνmax ≈ 1.16 · 10−7
and τmax νmax ≈ 1.17 · 10−4 and, thus, the DU assumption
Δτmax Δνmax  τmax νmax  1 is fulfilled in our scenario.
With the above estimates the minimum number of coherent
samples is 3 in time and 1 in frequency. The minimum number
of stationary samples is 32 in time and 128 in frequency.
For the windows in the GLSF estimation, we use a separation into time and frequency windows, i.e., LG(i−1)I+j [m, q] =
ui [m]vj [q], with i = 1..I, j = 1..J, and K = IJ = 1/γk .
Each window is created by a discrete prolate spheroidal
sequence (DPSS) [14] as proposed in [5] and [6]. The chosen time-limited DPSSs have unit energy and are optimally
concentrated in bandwidth, and, thus, a good choice for a
small mean-squared error (MSE) in a DU scenario, as can
be concluded from the bias-variance analysis in [5]. For the
window lengths in time and frequency we use Nt = 16
and Nf = 128, respectively. We choose all the values
inside the minimal frequency stationarity region to obtain a
maximal amount of realizations. In time we use half of the
corresponding values, i.e., average over approx. 5λc , so as not
to risk smoothing out the non-stationary properties in time,
but not to lose too much Doppler resolution (here 5.09 Hz),
either. The number of windows is set to I = J = 2 to limit
computational complexity. No claims of optimality are made
for the window parameters. For each orientation we include the
3 neighboring antenna elements at the RX in the collinearity
of the GLSF, but only include one antenna element at the TX

(when looking at the MT from the BS, number 4 of the 8element ULA from right), cf. (7). This reduces computational
complexity and is feasible, since we expect the patterns of the
inner ULA antenna elements at the TX to be similar.
To obtain the CMDs, we need estimates of the correlation
matrices. We approximate the ensemble averaging by an averaging operation as is usually done [8]. We average in time over
Nt = 16 and in frequency over Nf = 128 samples for each
CMD type. In total we, thus, average over 2048 (≈ 500 noncoherent) realizations. This should be sufficient for an accurate
estimation of all CMDs. Note that the TX CMD and RX
CMD perform an averaging of the instantaneous correlation
matrices over the RX and the TX array, respectively. Our RX
array with directional antennas is non-stationary in its spatial
domain, and, therefore, averaging can only be interpreted as
an ensemble averaging in an approximative sense.
A difficult task is the choice of a threshold, as it depends on
the accuracy that is required for the considered algorithm. For
the collinearity of the GLSF, we define thcol = 0.9 as in [6].
Accordingly, for the CMDs we get thCM D,i = 1−thcol = 0.1.
VI. R ESULTS OF THE DATA A NALYSIS
The results on the stationarity in time are mapped to the
driven distance using the positioning information obtained
during the measurement campaign. Assuming that only the
MT is moving, i.e., scatterers and the BS are fixed, this gives
a representation of the stationarity in distance at the MT.
Concerning the analysis of the stationarity in distance of
the time-frequency properties only, we exemplarily show the
collinearity of the GLSF in Fig. 2 and the corresponding
stationarity distances in Fig. 3 per orientation for track 9a9b. The front and the right orientation have a similar structure
with a peak in the stationarity distances at the beginning of the
track. There the MT moves into an open area. The back and
the left orientation have a similar structure as well, but with
a peak in the stationarity distances in the middle of the track,

(a) front

(b) right

(c) back
Fig. 2.

(d) left

Collinearity of the GLSF col

(Φ)
CH

for track 9a-9b

Fig. 3.

(a) front

(b) right

(c) back

(d) left

Stationarity distances using col

(Φ)

CH

for track 9a-9b

just before the MT moves out of the open area. Table II shows
the average stationarity distances dstat,avg per orientation for
each track. They are rather short and range between 0.23 m
and 2.75 m. Longer average stationarity distances are observed
where main reflections are located: for track 10b-9a a line of
sight (LOS) component is expected to occur partly for the back
and the left orientation, and for track 41a-42 a strong constant
reflection is expected for the front and right orientation due
to a high building located close by. This could explain the
slightly larger dstat,avg for these orientations.
Regarding the stationarity of the spatial properties only,
Fig. 4 examplarily displays the full, TX, and RX CMD for
the beginning of track 9a-9b and the front orientation. The
full CMD shows larger values compared to the TX and RX
CMD, since it considers variation in the spatial domain at the
TX and the RX. The RX CMD is mostly lower than the TX
CMD. Fig. 5 shows the resulting evolution of the stationarity
distances for the whole track. The stationarity distance for the
TX CMD rises after ca. 13 m. This behaviour is expected,
since the BS (TX) is fixed and located at 25 m height. We,
thus, expect less significant changes in the surroundings of the
BS. Table III gives the average stationarity distances dstat,avg
per orientation for each track and each CMD. We observe a
strong variation: dstat,avg can vary from 0.97 m to the whole
track length. Here, we cannot confirm a dependency of the
average stationarity distances on the potential existence of a
main reflection. However, dstat,avg can vary strongly with the
MT orientation, especially for the TX CMD, cf. Table III.
The stationarity in distance of the time-frequency properties
seems to be significantly shorter than the one of the spa-

Track

dstat,avg per orientation [m]
front
right
back
left

10b-9a
9a-9b
41a-42

1.80
0.96
0.80

1.34
0.64
1.41

2.20
0.93
0.23

2.75
1.21
0.42

TABLE II
AVERAGE STATIONARITY DISTANCES USING col

(Φ)

CH

the used array structures and antenna patterns. More generally,
one can say that the array structures and the antennas are
considered to be a part of the channel.

Fig. 4.

CMDs for the beginning of track 9a-9b (front orientation)

Fig. 5. Stationarity distances using the CMDs (track 9a-9b, front orientation)

VII. C ONCLUSION
We characterized the non-stationarity of the wireless channel in an urban macrocell scenario. Based on the collinearity
measure, we determined quasi-stationarity regions in distance
using second order moments only. In particular, we studied
the dependence of these quasi-stationarity regions on the
MT orientation. The time-frequency properties seem to be
influenced by the appearance of LOS components or strong
constant reflections, i.e., longer quasi-stationarity distances are
observed in these cases. The quasi-stationarity of the spatial
properties, especially at the BS, shows a strong dependence on
the MT orientation. Moreover, the spatial properties at the BS
are mostly slowly changing, meaning that, e.g., beamforming
applications using the BS correlation matrix do not require
frequent updates. The comparison of the quasi-stationarity in
distance of the time-frequency properties to the one of the
spatial properties showed that the time-frequency properties
are, based on the chosen measure and in our specific scenario,
dominant in defining the size of quasi-stationarity regions.
We emphasize that the selection of an appropriate threshold
for the measures depends on the accuracy required for the
considered algorithm. A parametric estimation of the channel
as well as a distinction between LOS and non-LOS scenarios
is not considered here, but is left to a future work.
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