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using different size and geometries of both the transmitter and
receiver antenna arrays. The comparison includes a model using
the full covariance matrix of all the transmitter/receiver channel
combinations, which is an accurate model assuming Gaussian
statistics of the channel coefﬁcients. However, in general the
channel cannot be assumed Gaussian. The models are compared
in terms of channel capacity.

Abstract— Forming accurate models of the multiple-input
multiple-output (MIMO) channel is essential both for simulation as
well as understanding of the basic properties of the channel. This
paper investigates different known models using measurements
obtained with a 16 × 32 MIMO channel sounder for the 5.8 GHz
band. The measurements were carried out in various indoor
scenarios including both temporal and spatial aspects of channel
changes. The models considered include the so-called Kronecker
model, a model proposed by Weichselberger et al, and a model
involving the full covariance matrix, the most accurate model for
Gaussian channels. For each of the environments different sizes of
both the transmitter and receiver antenna arrays are investigated,
2 × 2 up to 16 × 32. Generally it was found that in terms of
capacity cumulative distribution functions (CDFs) all models ﬁt
well for small array sizes, but none of them are good for large
arrays. Additionally, some results on stationarity of the channel
are presented.
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II. M EASUREMENTS
The measured data used in the current work is obtained using
a MIMO channel sounder operating at a carrier frequency of
5.8 GHz. The sounder uses the correlation principle, where
the correlation is carried out in a post processing procedure
after the received signals have been sampled. By transmitting
independent streams of pseudo noise (PN) sequences, the
sounder measures 16 transmit channels simultaneously. Each
transmit branch use a 1 W power ampliﬁer. On the receive side
four channels were measured in parallel, and using switching
each branch is extended so that in total 32 receive channels
are measured. Additional information about the sounder is
available in [8].
The full 16 × 32 MIMO channel is measured in a timetriggered way at a rate of 60 Hz, corresponding to a theoretical
maximum relative mobile speed of about 1.5 m/s, assuming a
maximum Doppler shift given by f max = v/λ where v is the
mobile speed and λ is the wavelength. Each measurement of
the complex MIMO channel takes about 1.3 ms with the current
setup.
As part of the post-processing procedure the measurements
are compensated for the sounder system response, obtained
from back-to-back measurements of all combinations of transmit and receive channels. In this process the sounding bandwidth is limited to about 100 MHz.
All measurements were made using planar arrays of
monopole antenna elements arranged in a rectangular grids with
a spacing of 2.5 cm, or 0.48λ . The arrays have two rows of
dummy elements on all array edges, which are not used but
terminated as the active elements. For the transmitter array the
active elements are arranged in a 4 × 4 grid while the receiver
array is 4 × 8.
During measurements the transmitter array is moved along a
horizontal half-circular path with a radius of about 0.5 m. The
speed along the arc is about 52 mm/s or about one λ /s. The
transmitter array and the device for movement is depicted in
Fig. 1. The distance from the array ground plane to the ﬂoor
is about 90 cm.
Simultaneously with the transmitter array movements, the
receiver array is moved linearly while the measurements take

I. I NTRODUCTION
Future wireless communications devices are expected to
offer bit rates of several hundred Mbit/s. This will require high
spectral efﬁciencies of the transmission systems because the
radio spectrum available for each pair of transceivers is limited.
Systems using MIMO transmission techniques are promising
in this aspect and has been studied intensely recently [1], [2].
However, the capacity of MIMO systems are highly dependent
on the mobile channel properties [3], [4].
The focus of this work is MIMO transmission to and from
mobile devices in an indoor environment where a large capacity
is expected because of a generally high degree of signal
scattering and lack of line of sight (LOS) in many cases.
The mobile device may be a laptop or similar with sufﬁcient
space for many antennas and the device may be moving or
remain stationary for periods of time. Hence, a variety of
different channels may be experienced with varying degrees
of stationarity, dispersion, etc. The current paper reports on
results obtained from measurements with a 100 MHz wideband
16 × 32 MIMO channel sounder for the 5.8 GHz band. The
measurements are carried out in various indoor environments
and includes both temporal and spatial aspects of channel
changes.
Forming accurate models of the MIMO channel is essential
both for system simulation as well as understanding of the basic
properties of the channel. It is well known that the simple socalled Kronecker model is inaccurate in some situations [5], and
other potentially more accurate models have been suggested,
such as the Weichselberger model [6] and a model recently
proposed by Andersen [7]. In the current work different models
are compared for widely varying indoor environments and
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O3: The ofﬁces are next to each other on the same side of the
corridor.
C. Building Level Crossing
For these measurements the Tx array is on the 1st ﬂoor and
the Rx is on the 2nd ﬂoor. In this situation most of the energy
can be expected to propagate via corridors and staircases. The
two ﬂoors are connected to a main entrance hall which covers
the full height of the building. The Tx array is in the same
location for the following two Rx scenarios,
V1: The Rx is inside an ofﬁce next to the 2nd ﬂoor corridor.
V3: The Rx is in the 2nd ﬂoor corridor.
D. Basement
In this case both the Tx and the Rx are located inside the
same large room on the basement ﬂoor. This is a storage room
which has concrete ﬂoor, ceiling and walls where the ceiling
is cluttered with various pipes, lamps, etc. The room joins a
corridor in one side. For the measurements selected for the
current work the Tx is located in a the south-east corner of the
room and the Rx is at two different positions in the corridor:

Fig. 1. The pedestal for circular movement of the transmitter array
including the 4 × 4 planar array of monopole elements with dummy
elements. The element spacing is 2.5 cm.

place, at a speed of about 30 mm/s corresponding to about
0.6λ /s. The distance from the array ground plane to the ﬂoor
is 94 cm.
It is important to notice that due to the dummy elements of
both the transmitter and the receiver array, the main beams of
the radiation patterns for the individual elements are elevated
about 45◦ from the ground plane. At elevation angles close
to 0◦ the attenuation is about 20 dB compared to the main
direction.
All the measurements were made within the same modern
four story (including basement) ofﬁce building. The building
is primarily made of reinforced concrete with an outer brick
wall and with most inner partitions made in light plaster board
construction. The ﬂoors/ceilings of each level are also made of
concrete.
The measurement campaign was divided into a number of
different scenarios, described in the following subsections.

B1: Rx at south-west, near NLOS condition.
B5: Rx in corridor north of room, NLOS condition.
In addition to the channel changes introduced by the movements of the transceivers, other changes in the channel can also
be expected since the measurements were carried out while
normal work activity in the building took place.
III. MIMO C HANNEL M ODELS
In the following a narrowband channel is assumed so that
the received signal can be described as y = Hs + n, where s is
the vector of transmitted symbols with length M, s is a same
size noise vector, and H is the N × M random channel matrix.
It is convenient to assume that the elements of H are zeromean complex Gaussian distributed, leading to following model
of the MIMO channel,
1/2

vec (HFull ) = RH vec(G)

A. Open Lab
In this scenario both transceivers are located inside or
nearby a large room, containing much furniture and equipment,
including bookshelves and room partitioning that may block the
LOS between the transmitter (Tx) and receiver (Rx). In addition
people activity can be expected in this room. For all of these
measurements the Tx array was located in the corridor next to
the open lab environment, but LOS was blocked in all cases.
The main part of the lab has dimensions of about 13 m× 7 m.
The Rx antenna array was located in different places around
the Tx. For the current work two of measurements from this
scenario are included, labeled ‘L2’ and ‘L5’;
L2: The array is located in the south end of the main lab room.
L5: The array is located inside a room next to the main lab,
with the door between open.

where the vec(·) operation stacks the columns of the matrix
argument into one column vector, G is a N × M matrix of
zero
random Gaussian values, and RH =

 mean, independent
E vec(H) vec(H)H is the full covariance matrix of the channel. The ‘E{·}’ operator denotes statistical expectation. Under
the Gaussian assumption, the model in (1) is the most comprehensive but also has the drawback of requiring knowledge of
the full correlation matrix.
In the so-called Kronecker model [9] it is assumed that the
correlations between receiver antenna elements are independent
of the transmit antenna, and vice versa the correlations between
transmitter antenna elements are independent of the receiver antenna. This simpliﬁes the complete correlation matrix which in
this case may be written as RH = RTx ⊗RRx where ‘⊗’ denotes

the matrix Kronecker
product, and where RTx = E HT H∗


and RRx = E HHH are the transmitter and receiver correlation matrices, respectively. The Kronecker MIMO channel may
be simulated as


1/2
1/2 T
(2)
HKron = P−1/2 RRx G RTx

B. Ofﬁce to Ofﬁce
In this scenario both the Tx and Rx arrays are located inside
small ofﬁces next to the 2nd ﬂoor corridor.
O1: The ofﬁces are on opposite sides of the corridor with
about 10 m between the ofﬁces, but with non-line of sight
(NLOS), due to a bend of the corridor.
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in which G contains random Gaussian values as above and P
is a normalization term.
The assumptions behind the Kronecker model may be too
restrictive and therefore another model has been proposed
in which the correlation matrices for the receiver antennas
are not assumed independent of the transmitter antenna, and
the correlation matrices for the transmitter antennas are not
independent of the receiver antennas. In the model proposed by
Weichselberger et al [6] these matrices share the same eigenbasis but may vary in eigenvalues and hence some variation is
allowed. In this model the channel is simulated as follows


(3)
HWeich = URx Ω̃  G UTTx

Fig. 2. The different sub-array selections, shown for the Rx array.
The selection was similar for the Tx array, except for it being half the
size.

with ‘’ denoting element-wise multiplication. The elements
of the Ω̃ matrix are given by
Ω̃m,n =


H


uTx,m ⊗ uRx,n RH uTx,m ⊗ uRx,n

1/2

(4)

Fig. 3 shows CDF curves for the capacities computed from
the channel measurements made in four different environments,
in each case with ﬁve different array geometries and sizes, as
illustrated in Fig. 2. The capacity is in all cases computed for
an SNR of 10 dB where the signal power is computed as an
average over all Tx/Rx antenna combinations and measured
positions.
Also shown in Fig. 3 are the CDF curves for each of
the models described in Sec. III. For each measurement the
covariance matrix is estimated based on the 600 measurements
and the channel is simulated according to (1), (2), and (3). In
all cases 600 MIMO channels are simulated.
In general the match between the CDFs for the simulated and
the measured channels gets better for smaller array constellations, with a nearly perfect match in some cases for a 2 × 2
constellation. However, for large arrays the match between
the curves for measured data and the models is rather poor,
although in some cases not shown here a better match exists.
Furthermore, it is interesting to note that the slope of the curve
for the full covariance matrix model is different from those for
the remaining models and perhaps closer to the CDF for the
measured data.
Fig. 3 only shows results for some of the measured environments. The mean capacities for all the measured environments
are shown in Fig. 4 for different array constellations, and Fig. 5
shows the mean capacities of both the measured and modeled
channels for the 16 × 32 array constellation.
The curves in Fig. 3 for, e.g., the measured O3 environment
are somewhat different from most of the environments. Fig. 6
shows the capacity for this environment versus measurement
position, where the capacity evolves from a rather stable
capacity in the ﬁrst 300 position to a somewhat higher level in
the last positions. This suggests a non-stationary channel, which
is supported by the curve for the average received power. Note,
however, that the capacity was computed using normalized
channels.
If the SNR is sufﬁciently high the capacity in (5) may be
approximated as [7]

where uTx,m is the m’th eigenvector of RTx and UTx is the
matrix containing the complete eigenbasis. Similarly, uRx,n is
the n’th eigenvector of RRx and URx is the complete eigenbasis
of RRx .
All of the models presented above results in Gaussian
statistics of H. The model in [7] is a double bounce model
allowing non-Gaussian statistics. However, this model is not
discussed further here.
IV. R ESULTS
Assuming that the transmitter has no knowledge of the
channel, the capacity of the channel is given by [2]
C=

R

∑ log2

i=1



1+

ρ 
λi
M

(5)

where ρ is the signal to noise ratio (SNR), R = min{M, N} and
λi is the i’th eigenvalue of the matrix

HHH , N ≤ M
W=
(6)
HH H, M < N
Since it is dependent on the random channel matrix H, the
capacity it is a random variable and must be characterized in
statistical terms. In the following the capacity is computed for
each instantaneous measured or simulated channel, and CDFs
are computed.
Although the measurements are wideband all results in the
current paper are computed from narrowband data, which is
obtained by using a single frequency bin after transforming to
the frequency domain. Before computing capacity and estimating covariance matrices, the power of the measured H matrices
have been normalized for each measured position, where the
power is estimated using the average over all 16 × 32 Tx and
Rx antenna combinations, corresponding to averaging in space.
In the following the ﬁrst 600 MIMO channel measurements
of each measurement series are used for analysis, corresponding
to 10 s or about 10 wavelengths of movement in space for the
Tx array. Initially this distance was assumed to be sufﬁciently
short to justify an assumption of a stationary channel and, on
the other hand, the distance covered should be large enough
to allow for a proper averaging. This issue is discussed further
below.
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(7)

i=1

where it is noticed that the ﬁrst term depends only on the SNR
and the number of antennas, while the second term is channel
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Fig. 3. CDF curves for capacity in different measured environments and associated models. From left to right, the groups of curves are for array
constellations (Tx × Rx) 2 × 2, 4 × 4, 8 × 8, 16 × 16, 16 × 32.

assuming an SNR of 10 dB and a 16 × 32 array constellation.
The measured channels were simulated using the Kronecker,
full covariance matrix, and Weichselberger models and compared in terms of cumulative distribution functions (CDFs)
of the capacities. For small array constellations the ﬁt is
excellent, but for large arrays the discrepancies may be large.
The measurements were conducted with moving transceiver
arrays to allow for averaging. In some cases it appears that the
channel may be non-stationary even within surprisingly small
areas of movements. However, this is observable only for large
arrays, since the differences are mainly observed when many
eigenvalues are involved.

related. The richness was deﬁned in [7] as
R(k) =

k

∑ log2 (λi )

(8)

i=1

where it is assumed that the eigenvalues are sorted in descending order. The richness is a convenient way of showing
some of the essential channel properties. In Fig. 7 the mean
richness curves for measurement position 1–250 and 351–600
are shown, supporting the notion that essential properties of the
channel changes and hence is non-stationary.
V. C ONCLUSION
The current work is based on MIMO channel measurements
in widely different indoor scenarios. Depending on the environment, mean capacities of 35–50 bit/s/Hz were observed,
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Fig. 6. Capacity versus position (left axis), and instantaneous power
(right axis). Results for the O3 environment, assuming a 16 × 32 array
constellation and an SNR of 10 dB.
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