Investigation of the frequency impact
on the MIMO indoor channel capacity

A. P. Garcia®, L. Rubio®, G. Llano® and J. Reig®
®Instituto de Telecomunicaciones y Aplicaciones Multimedia (iTEAM)
Universidad Politécnica de Valencia

Building 8G, access D, Camino de Vera, s/n 46022, Valencia (Spain)

“Institute of Information Technology, lImenau University of Technology
Corresponding author: Irubio@dcom.upv.es

Abstract

Multiple-input multiple-output (MIMO) systems
have the potential to achieve very high capacity.
In real environments, the maximum capacity is
limited by the correlation degree among spatial
subchannels. To this day, experimental studies
published have focused on MIMO channels pa-
rameters at one specific central frequency and
have not been examined carefully how these
parameters can change with the frequency. In
this paper, we investigate how the frequency
can change the MIMO channel capacity in a
typical indoor environment and the effects on
the multivariate characteristics of a measured
MIMO matrix. This study is based on a measure-
ment campaign performed at 2, 6 and 12 GHz,
considering the influence of both line-of-sight
(LOS) and non-line-of-sight (NLOS) propagation
conditions.

Keywords: Indoor propagation channels, MIMO
channels, MIMO capacity, MIMO measurements,
spatial correlation, multivariate normality, sur-
faces of constant variance.

1. Introduction

Multiple-input multiple-output (MIMO) systems
are wireless systems with multiple antennas at
the transmitter and receiver [1]. MIMO systems
can be seen as beamforming, diversity or spatial
multiplexing. Beamforming and diversity are
concepts related to smart antennas. Neverthe-
less, spatial multiplexing is a new concept that
permits to improve the capacity of the wireless
systems without increasing the bandwidth and
the transmitted power. The spatial multiplex-
ing concept is a very powerful technique which
exploits the spatial dimension (spatial subchan-
nels) of the radio channel by simultaneous trans-
missions of multiple datastreams. It has been

shown theoretically that in ideal environments
the capacity of a MIMO system scales linearly
with the number of transmit and receive anten-
nas considering uncorrelated channel gains [1,2].
This is due to the decomposition of the channel
into an equivalent set of spatial subchannels
[2]. However, the correlation among the spatial
subchannels limits the achievable capacity of
MIMO systems [3].

The MIMO systems are promising candidates
for deployment of many wireless networks: IEEE
802.11, HipeLAN/2, MMAC (Multimedia Mobile
Access Communication Systems), UWB (Ultra-
WideBand), WiMAX (Worldwide Interoperability
for Microwave Access), 3 GPP High-Speed Packet
Access plus (HSPA+) and Long Term Evolution
(LTE) are some examples. Due to the fact that
these wireless systems use different frequen-
cies, the propagation conditions observed at the
radio interface will be clearly dependent to the
frequency and the environment. In this sense, it
is necessary to investigate how the properties of
the MIMO channel change with the frequency.
Experimental studies based on measurements
campaigns have investigated the capacity re-
duction due to the spatial subchannels corre-
lation, but these works have been focused on
MIMO channel characteristics at specific central
frequencies, but in different scenarios, making
the comparisons difficult.

In real environments, the radio channel plays a
crucial role being necessary to study how the
properties of the MIMO channel characteristics
change with the frequency. In [4], Maharaj et al.
have presented an initial study aimed to under-
stand the effect of frequency scaling on the per-
formance of MIMO wireless systems at 2.4 and
5.2 GHz in an indoor scenario, suggesting that
multipath properties are very similar in that par-
ticular environment. In this sense, and carrying
on with previous author’s investigations of how
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the frequency can impact the MIMO channel
properties [5,6], this paper presents an experi-
mental capacity analysis for indoor MIMO sys-
tems. This analysis is based on measurements at
2,6 and 12 GHz in an office environment, consid-
ering the spatial channel correlation effects and
taking into account the same electrical separa-
tion among antenna elements. The influence of
line-of-sight (LOS) and non-line-of-sight (NLOS)
propagation conditions on the MIMO system ca-
pacity in terms of the frequency is also analyzed.
Besides, an introduction about the frequency
impact on the multivariate characteristics of a
measured wideband MIMO channel is present-
ed. As a conclusion, we have observed an ergod-
ic and outage MIMO capacity reduction when
the frequency increases, for a constant electrical
separation between the transmitter and the re-
ceiver, as a consequence of the increment on the
correlation degree among the spatial subchan-
nels. From the multivariate statistical point of
view, we have found remarkable differences in
the multivariate normality of MIMO data at dif-
ferent central frequencies and array sizes.

The rest of the paper is organized as follows:
Section 2 reviews the capacity of MIMO wireless
channels in both theoretical and experimental
ways. Section 3 describes the measurement of
the MIMO radio channel. Results and discussions
are given in Section 4. The conclusions are pre-
sented in Section 5.

2, Capacity of MIMO
wireless channels

2.1.Theoretical capacity

Consider a MIMO system with M transmit anten-
nas and N receive antennas. The total transmit-
ted power is P, thereby the transmitted power
by each antenna is P/M. The noise at each re-
ceiver antenna is assumed to be Gaussian, with
zero mean and variance ¢°. Let be H the MIMO
channel transfer matrix, with dimensions NX M,
and considering a flat-fading channel case. If the
channel is unknown by the transmitter and per-
fectly known by the receiver, and waterfilling is
not consider [7], the transmitted signal vector is
composed of M statistically independent equal
power components, each with a circularly sym-
metric complex Gaussian distribution, and then
the channel capacity is given by [1,7]

C =log,

det[I+ r 2H”H”,
Mo

(1

where H” is the Hermitian (complex conjugate
transpose) of the MIMO channel transfer matrix
H, I is the M X M identity matrix, and det(X) rep-
resents the determinant of the X matrix. In our
analysis we have considered M > N.

The h,.j element of the MIMO channel transfer

matrix, H, is the complex gain transmission coef-
ficient from the j-th transmit antenna to the i-th
receive antenna.

From the eigenvalues decomposition (EVD) of
the H” H , the channel capacity given by (1) is
reduced to

k P
Ch= logy [T+ ——| .
Z gQ[ )\z ]V[O’Z)

=1

[2]

where /. represents the i-th eigenvalue, and k =
Rank (H”H) < min (M, N) . Rank(.) and min(.) are
the rank of the matrix and the minimum value of
the arguments, respectively. The i-th eigenvalue
can be interpreted as the power gain of the i-th
spatial subchannel [2].

In fading channels, the capacity has a random
nature modelled by a random variable related to
the local area or instantaneous channel realiza-
tions. To determine the cumulative distribution
function (CDF) of the capacity and thereby the
outage capacity, it is necessary to carry out a
large number of measurements with slightly dis-
placed arrays and considering temporally vary-
ing scatterers arrangement [8]. Since each single
measurement requires an enormous effort, this
procedure is highly undesirable to derive the er-
godic and the outage capacities distribution. To
improve this situation, in Section 3 we propose
to measure the spatial correlation coefficient
between two arbitrary complex gain transmis-
sion coefficients. In other words, we propose
to measure the full spatial correlation matrix of
the MIMO radio channel, denoted by R, . . This
procedure relies on the fact that it is possible by
simulation to generate different realizations of
the MIMO channel transfer matrix, denoted by
H, from the measured R, mMatrix. This proce-
dure is explained in the next section.

2.2 Experimental capacity
From the MIMO channel transfer matrix, H , the
full spatial correlation matrix of the MIMO radio

channel, R is defined as:

where

Rymo £ E [U(iC(H)wec(H)H ]

vec(H) = (h!,h!, ....h] )",
with
h, 2 (R, 0y hy)

3]

E[°] is the expectation operator and the super-
script T'indicates transpose. The elements of the
vector h, h,y' are the entries of the MIMO chan-
nel transfer matrix.
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Note that R, is a squared matrix with dimen-

sions MN X MN. From (3), the entries of the R

matrix, P}, are the correlation coefficients ‘be-
tween couples of the transmission coefficients
h[/. and h,,,,r where the indexes i-p referrer to the
receiver elements and j-g to the transmitter ele-

ments:

Taking into account that vec(H)=A, this proce-
dure permits us to generate observables to the
MIMO channel transfer matrix, H, from the R0
matrix whose entries have been measured with-
out certain difficulty. Thus, we are able to ana-
lyse the ergodic and the outage capacity. Sub-
stituting the H matrix in (1) by the H matrix, the
capacity is derived for any M XN MIMO system

experimental a Blhty, ]~ E[h,|B[h,] configuration.
measurements Y 2 2 2 Ak
\/E“h,“‘ — B[, ]\/E[’hw‘ — Bl ]
3. Measurement of the
[4] MIMO channel
To overcome the problem of the huge effort This section describes the measurement loca-
mentioned in the previous section to derive the tion, the measuring equipment and the measur-
ergodic and outage capacity experimentally, we ing process to collect the data required to do an
propose to measure the correlation coefficients experimental investigation of the MIMO channel
ofthe R, matrix and then obtain by Cholesky capacity.
factorization, R, . = CCT, an observable of the
MIMO channel transfer matrix, denoted by H, as 3.1. Measurement location
it is explained as follows. The MIMO channel measurements were car-
o ) o ried out at the iTEAM Research Institute of the
For simplicity, in the literature it is assumed that Technical University of Valencia. Fig.1 shows the
all the MIMO channel transfer matrices elements top view of the measuring scenario. The outside
are complex Gaussian distributed with identical walls of the building are formed by glass, where-
average power [9]. This assumption was checked as the inside walls are made of wood and wall-
by the authors in LOS and NLOS indoor Co.nd." board. The ceilings and the floors are made of
tions, although the approach was more realistic reinforced concrete over steel plates. The meas-
in NLOS conditions (the KS test was used).TherJ, urements were taken on the first floor of the
the complex gain transmission coefficients A, building. The receiver array (RX) was placed in
can be generated from zero-mean complex in- the office room of the Radio and Wireless Com-
dependent identically distributed random vari- munications Group. The transmitter array (TX)
ables, 0y as the following was placed in the same office as the RX, where
the propagation was in LOS condition, and in the
A=Ca, adjacent corridor, where the propagation was in
(5] NLOS condition. The TX and RX positions are de-
N o I - BT picted in Fig.1. The maximum distance from the
ot = (B, Bot, e Bov, Pz, B, B B B ) TX to the RX was 12 m. For convenience, the TX
was moved instead of the RX.
where
3.2. Measuring equipment
and . The MIMO channel has been measured in the
Ay = (0 00y, ) frequency domain using a vector network ana-
A n
q/
i ° Column
o?(4 = (concrete)
Window
Outdoor - o (glass)
3(3 Measurement i Furniture
. Equipment
* L — Soft wall
TX2§ « Array
@ :
Tx antenna
—iH @ Iocalization
B“ in LOS
: Tx antenna
% |ocalization
roA in NLOS
Figure 1. Top view of the measurement environment.
68 ISSN 1889-8297/Waves - 2010 - year 2

lyzer (VNA) as a channel sounder, the ZVA of Ro-
hde & Schwarz with a dynamic range of 130 dB
up to 20 GHz. Omnidirectional wideband anten-
nas (up to 18 GHz) with flat frequency response,
a wideband low noise RF amplifier at the RX, and
very low attenuation cables were also used.

The antennas were set up over a precise linear po-
sitioning robotic system emulating a virtual uni-
form lineal array (ULA) without coupling effects.
We have considered a maximum number of three
antenna elements at the TX and the RX in agree-
ment with present recommendations and stand-
ards for the development of MIMO technologies
[10]. The measurement process was controlled by
a laptop connected to the VNA via LAN (Ethernet).

3.3. Measuring process

The transfer function in frequency domain of the
radio channel, h,-,- ( f ), was measured between
the j-th transmit and the i-receive antenna using
the VNA at 2, 6 and 12 GHz central frequencies
[6]. The separation among array elements was
chosen in order to maintain the same electrical
separation at each central frequency. To meas-
ure relative effects versus frequency, all band
frequencies data were collected consecutively at
the same array element positions. The H, func-
tion was measured over a bandwidth of 200 MHz
(SPAN in the VNA) around each central frequen-
cy, with a frequency bin sample resolution of 50
kHz (4000 spectrum samples). At each spatial
position, 50 frequency transfer function snap-
shots were measured and recorded (with about
120 ms. between snapshots). Then, the posterior
average allowed to reduce the noise effect. The
measurements were carried out at nights, in ab-
sence of people, guaranteeing stationary chan-
nel conditions.

The 200 MHz total bandwidth of the measured
transfer function, H,(f) was divided into 40 win-
dows of 5 MHz, referred to Hﬁ(f), guaranteeing
flat-fading channel condition (for this scenario,
a coherent bandwidth around 20 MHz was
checked by the authors at the 95% of locations).
For each 5 MHz window, the partial spatial cor-

relation coefficients between the transfer func-
tions H (/) and H, (/) were derived. Then, each
spatial correlation coefficient was obtained aver-
aging 40 partial spatial correlation coefficients.

Finally, the spatial correlation coefficients defines
the entries of the full spatial correlation matrix
of the MIMO radio channel, R . at each cen-
tral frequency, from which the realizations of the
MIMO channel transfer matrix, H, are generated
by the procedure described in Section 3. A total
of 10° realizations of the H matrix were consid-
ered for the results presented in the next section.

4, Results and discussions

4.1. Capacity, eigenvalues and spatial
correlation

The results derived from the measurements
show that the ergodic and the outage capacities
decrease when the frequency increases consid-
ering the same electrical separation between an-
tenna elements. This behaviour of the capacity
with the frequency has been observed for every
propagation condition, LOS and NLOS, and also
for every configuration of the MIMO system in
terms of the number of antennas at the TX and
at the RX, M XN configuration.

Figure 2 shows the CDF of the capacity fora 3 X3
MIMO configuration, with one wavelength sepa-
ration among antenna elements and for SNR of
10 dB, at 2, 6 and 12 GHz in LOS conditions. As it
can be seen, the capacity is reduced when the
frequency increases. This behaviour also hap-
pens in NLOS conditions as it is suggested in
Figure 3 for the same configuration of the MIMO
system. Nevertheless, the capacity reduction is
less in NLOS condition. As a measure of compari-
son, we have also plotted the CDF of the capacity
when all the entries of the channel transfer ma-
trix are independent and identically distributed
(i.i.d.) complex Gaussian random variables. The
capacity reduction observed in the real environ-
ment with respect to an i.i.d. MIMO channelis a
consequence of a spatial correlation increment
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Figure 2. CDF of the 3x3 MIMO channel ergodic ca-
pacity at 2,6 and 12 GHz in LOS conditions and with one
wavelength separation among antenna elements.

Figure 3. CDF of the 3x3 MIMO channel ergodic ca-
pacity at 2, 6 and 12 GHz in NLOS conditions and with
one wavelength separation among antenna elements.
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frequency
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in the capacity
when the
electrical
separation
among the
array elements
is constant.

among the different spatial subchannels limit-
ing the achievable capacity of the MIMO system.
For a 10% of the CDF capacity, the spatial corre-
lation among the spatial subchannels produces
a reduction of about 1.7 bits/s/Hz at 2 GHz, 2.5
bits/s/Hz at 6 GHz and 3 bits/s/Hz at 12 GHz in
LOS conditions. In NLOS conditions, the reduc-
tion is about 0.7 bits/s/Hz at 2 GHz, 1.5 bits/s/
Hz at 6 GHz and 2 bits/s/Hz at 12 GHz. Therefore,
there is a clear frequency dependence in the ca-
pacity when the electrical separation among the
array elements is constant.
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Figure 4. 10% outage capacity of the MIMO chan-
nel with one wavelength separation among antenna
elements (M=N) at 2, 6 and 12 GHz in LOS conditions.
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Figure 5. 10% outage capacity of the MIMO chan-
nel with one wavelength separation among antenna
elements (M=N) at 2, 6 and 12 GHz in NLOS conditions.
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Figure 6. 11% outage capacity for a 3x3 MIMO sys-
tem configuration with one wavelength separation
among antenna elements versus frequency in LOS
and NLOS conditions.

Figures 4 and 5 show the 10% outage capacity
obtained in LOS and NLOS conditions, respec-
tively, for a M XN (M=N) MIMO system configu-
ration. A similar behaviour to the ergodic capac-
ity is observed. Thereby, for 2X2 and 3X3 MIMO
systems there is a reduction close to 1.5 bits/s/
Hz from 2 GHz to 12 GHz in LOS and NLOS condi-
tions. For the 3 X3 MIMO system there is a reduc-
tion close to 3 bits/s/Hz at 12 GHz in LOS condi-
tion respect to the i.i.d. MIMO channel, whereas
this reduction is about 2 bits/s/Hz in NLOS condi-
tion at the same frequency.

Figure 6 shows a comparison of the 1% outage
capacity in terms of the frequency for both LOS
and NLOS conditions. A 3 X3 MIMO system with
a SNR of 10 dB was considered. A linear trend
reduction of the outage capacity with the fre-
quency is observed. The difference between the
1% outage capacity in LOS and NLOS is about 1
bits/s/Hz at each central frequency.

The capacity reduction observed is a conse-
quence of a volumetric increment of the en-
vironment in terms of wavelength when the
frequency increases and possible changes in
scatterer interactions resolution. These effects
contribute to change the correlation degree
among the spatial subchannels. This effect is
observed in the spatial correlation values at the
receiver shown in Table 1 for LOS and NLOS con-
ditions, respectively, where the d parameter indi-
cates the physical separation between array ele-
ments at the transmitter and the receiver sides.
The correlation values that appear in bold corre-
spond to one wavelength separation among an-
tenna elements for each central frequency. The
spatial correlation degree is equal to 0.326 and
0.283 in LOS and NLOS, respectively, at 2 GHz.
These values increase up to 0.979 and 0.870 at
12 GHz in LOS and NLOS, respectively. Note that
these values correspond to a maximum separa-
tion among antennas elements equal to one
wavelength. These increments in the spatial cor-
relation suggest a major spatial array elements
separation when the frequency increases in or-
der to maintain the same capacity level.

Finally, the effect of the frequency over the H”
H eigenvalues matrix is shown in Figures 7 and
8, where LOS and NLOS conditions were consid-
ered, respectively. When the frequency increases,
the eigenvalues reduction power gain decreases
resulting in a decrement of the ergodic and
outage capacities. This reduction is less in the
higher eigenvalue, 4,. This behaviour happens in
LOS and NLOS conditions, but in less proportion
in NLOS. When the frequency increases, the dif-
ference in the eigenvalues power gains at 50%,
10% and 1% of the CDF suggests new consid-
erations if the waterfilling technique is applied.
At 12 GHz in LOS conditions, the power gain re-
duction for the smallest eigenvalues, 4, and /4, ,
at 1% of the CDF with respect to the i.i.d. case is
about 11.5 and 10 dB, respectively, whereas the
reduction for the higher eigenvalue, 1, is about
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LOS NLOS
d(cm.) 2 GHz 6 GHz 12 GHz 2 GHz 6 GHz 12 GHz
2.5 0.945 0.921 0.979 0.820 0.924 0.870
5 0.797 0.785 0.579 0.780 -
7.5 0.395 0.573 -— -
10 0.387 0.275 - -
12.5 0.331 0.262 - -
15 0.326 0.283 - ---

Table 1. Spatial correlation coefficients at the receiver in LOS and NLOS conditions

7.5 dB. At 12 GHz in NLOS conditions the redac-
tionisabout 7.5, 6.5 and 3 dB for the eigenvalues
Ly A, and 4, respectively. Note that an increment
or decrement in the frequency can modify the
distribution of the eigenvalues power gains, but
around the 50% the higher eigenvalue remain
mostly constant.

4.2, Multivariate characteristics

Perhaps, the main assumption for the applica-
tion of many covariance estimators (as needed
in (3)) is the multivariate normality of MIMO
data, which can be a good approximation in
some cases when multivariate observations are
used. From the central limit theorem, sampling
distributions of certain statistics can be approxi-
mated by normal distributions, even if the data
is not multivariate normal, but such approxima-
tions must be verified to apply the procedures
proposed for experimental analysis of MIMO
channels [11], as the techniques applied in pre-
vious sections.

For multivariate-complex-normal-distribution
(MCND) analysis, in Figure 9 it is presented the
2-dimensional ellipsoids, i.e., the surfaces-of-
constant-variance (SCV) for the real part of the
measured multivariate vector channel vec(H)
obtained with different window widths, B , in
frequency as specified in [11]. Thus, Figure 9
shows a normality visual test based on the MIMO
data presented in this paper. Note that for visual
MCND test, the samples of Re{vec(H)} are also
plotted, where Re{ -} indicates real component.
The configurations used for Figure 9 were as fol-
low: N=2, M=1, f =12 GHz, and B={2.5, 5, 10, 100}
MHz, in NLOS. These plots, based on different
segmentation of data (different window widths
in the frequency domain), permit a simple 2D
visual test of the MCND of a measured vec(H)
for each frequency case. The conclusion is that
B={2.5, 5} have the better fit to MCND (Figures
9.a/9.b), and the worst case is obtained for B=100
MHz (Figure 9.d). This conclusion is reached due
to the samples are better distributed inside of
the SCV for B={2.5, 5} than for B={10, 100} MHz.
Note that axes h,, and h , indicate the projected
entries of the vector vec(H) for N=2, M=1. Simi-
lar results were visualized for the imaginary part.
Therefore, based on both these results and on a
reliable test, e.g., multivariate Kurtosis and Ske-
weness [11], it has been verified that B=5 MHz

was the best choice for channel analysis under
MCND and fulfilling non-frequency selectivity
in this scenario. Besides, this window selection
guarantee enough number of samples for covari-
ance estimations up to 4x4 as it was addresses in
[6] and [11]. Note that this window selection was
applied for the results presented in this paper.

5. Conclusions

The ergodic and the outage capacity have been
investigated for a real indoor MIMO channel at 2,
6 and 12 GHz, in both LOS and NLOS conditions.
The results have shown a reduction of the MIMO
channel capacity when the frequency increases
due to an increment of the correlation degree
among the spatial subchannels. This correlation
increment also produces an eigenvalues power
gain reduction. Nevertheless, this reduction is less
in NLOS conditions. The results are interesting for
the deployment of indoor MIMO systems working
at different frequencies or frequency bands close
to the central frequencies considered in this study.

A procedure to obtain an experimental charac-
terization of the MIMO channel capacity has also
been presented in this paper. This procedure
proposes to measure the full spatial correlation
matrix of the MIMO radio channel, R0 IN-
stead of the MIMO channel transfer matrix, H,
reducing the huge effort in the measurements
of the channel to derive the ergodic and the out-
age capacities distributions.
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Figure 7. CDF of the eigenvalues power gain for a
3x3 MIMO system configuration with one waveleng-
th separation among antenna elements at 2, 6 and
12 GHz in LOS conditions (1, > 2, > 1,).
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Figure 8. CDF of the eigenvalues power gain for a
3x3 MIMO system configuration with one waveleng-
th separation among antenna elements at 2, 6 and
12 GHz in NLOS conditions (4, > 1, > 4.).

For reliable estimations of R it was ad-
dressed the multivariate characteristics of MIMO
data. The loss of normality on the observed
MIMO matrix has been verified when the band-
width was increased. Based on visual and ana-
lytical tests of MCND it was obtained the most
reliable frequency segmentation for covariance
estimations and channel analysis fulfilling a non-
frequency selective channel.

Figure 9. Surfaces of constant variance (SCV) to
test the MCND of MIMO data (real part): theoretical
and experimental results for N=2, M=1,{ =12 GHz in
NLOS, with a) B=2.5 MHz, b) B=5MHz, c) B=10 MHz,
andd) B=100 MHz.

Hence, the objective of this paper was to ana-
lyze how the frequency could affect the capac-
ity in a real environment considering the same
electrical separation among antennas elements
and the wideband effects on the multivariate
distribution on MIMO data. Evidently, to have a
complete understanding of the frequency im-
pact on the MIMO channel characteristics, e.g.,
its ergodic capacity, the maximum achievable
capacities and the MCND of experimental MIMO
data, more measurements are necessary in many
different indoor environments at different cen-
tral frequencies and bandwidths.
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