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Abstract—Some recent publications have extended the em-
ulating capabilities of mode-stirred reverberation chambers,
which are now able to emulate Ricean-fading and non-isotropic
environments. Either the need to physically modify existing
chambers or multiple sets of measurements is required for these
enhancements. In this paper a novel post-processing hybrid tool
is presented for the transformation of a Rayleigh-fading emulated
environment into a Rician one. The model is tested and compared
to outdoor measurements and simulations through the K-factor,
correlation, diversity gain and MIMO capacity. Results show an
excellent matching performance with no hardware modifications
of mode-stirred chambers with just one set of measurements. The
method is patent protected by EMITE Ing.

Index Terms—Channel capacity, diversity gain, multiple-input-
multiple-output (MIMO) systems, radiation efficiency.

I. INTRODUCTION

A single-cavity mode-stirred reverberation chamber, also
known as a reverberation chamber (RC), is a metal

cavity sufficiently large to support many resonant modes.
Although RCs have been extensively used in electromagnetic
compatibility problems [1], their use for antennas and propa-
gation-related problems have only acquired attention in the last
few years. This is due to their ability to artificially generate a
repeatable multipath environment. RCs were initially thought
to provide an isotropic and randomly polarized measuring
scenario. This was done by perturbing the modes with stir-
rers and rotating platforms. In this way a fading environment
similar to the ones found in indoor and urban environments
(Rayleigh) but with a uniform elevation distribution of the
incoming waves is obtained [2], [3]. The real and imaginary
parts of the received signal become then normally (Gaussian)
distributed, with the associated magnitude following a Rayleigh
distribution and the phase following a uniform distribution over
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. While avoiding cumbersome outdoor measurements, com-
pact-size RCs provide accurate, repeatable and reliable ways
of validating measurements for antenna systems and diversity
schemes [4]. Yet, real propagating scenarios rarely follow
an ideal Rayleigh-fading environment. The K-factor of more
general Rician-fading environments changes as the distance of
receiver to transmitter changes [5]. Macrocells usually offer
a greater K-factor than microcells [6] while rich multipath
environments provide K-factors typically close to 0 [7]. Conse-
quently, recent research efforts have concentrated on extending
the original capabilities of first-generation RCs. Good examples
are the recent extension to non-isotropic environments [8] and
the emulation of the effects of metallic windows and other
artefacts, trees and walls in buildings [9], although this last
one only for Rayleigh-fading scenarios. Unlike reverberation
chambers (RCs), where only one cavity is used, MSCs may
contain more than one metal cavity. Cavities are coupled by
diverse means and a rich fading environment consisting on
diverse clusters with different fading characteristics can be
obtained. The MSC also contains a set of mode stirrers that
change the boundary conditions of the main cavity within the
chamber. This causes a multi-reflective environment which is
repeatable and can be statistically studied. MSCs can be used as
a very fast, easy, and accurate tool to measure a wide variety of
MIMO parameters for different extension of the performance
of conventional RCs [10]–[12]. With the use of appropriate
equipment and through adequate processing of the measured
scattering (S) parameters, radiation efficiency, self-impedance,
total radiated power, total isotropic sensitivity and several
MIMO channel performance variables, including bit error rate
(BER), can now be evaluated using MSCs. The extension to
emulate Rician-fading [13] has also been available recently.
In this Rician-fading emulation technique, however, either
complex hardware alterations or large sets of measurements are
required. In [13], the Rician-fading environment is obtained
at the cost of varying the chamber characteristics and/or the
antenna configuration. There is an inherently higher hardware
complexity to this option.

In this paper, a novel mode-processing technique which
allows for an emulation of Rician-fading environments from
the data taken in a mode-stirred reverberation chamber with
Rayleigh-fading emulated environment is presented. The
method is not intended to describe in detail the response of
a device to a change in the angle of arrival (AoA), but rather
uses a deterministic component of a Rician signal via post pro-
cessing to observe the associated changes in the conventional
post-processing techniques used to determine general MIMO
parameters of the device, such as diversity gain and MIMO
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Fig. 1. Sketch of measurements with the E200 MIMO analyzer.

capacity. The method allows the MIMO designer to evaluate
several Rician K-factors environments with a single mea-
surement set in the MSC. With this technique a considerable
reduction of chamber cost and complexity as well as measuring
time is provided, alleviating the hardware complexity of other
techniques. Section II describes the proposed measurement
and emulation technique for Rician-fading environments. The
method is validated through a comparison to other simulated
and measured results. Channel eigenvalues, correlation, diver-
sity gain and system capacity results for several scenarios are
described in Section III. Finally, some conclusions are outlined
in Section IV.

II. EMULATING AND MEASURING TECHNIQUE

Measurements illustrated in this paper have been performed
with the EMITE Ing 8 8 MIMO Analyzer Series E200a in
connection to the Rohde & Schwarz ZVRE Vector Network An-
alyzer (9 kHz to 4 GHz). The MIMO Analyzer is a second gen-
eration two-cavity mode-stirred reverberation chamber with ex-
ternal dimensions of 0.82 m 1.275 m 1.95 m, 8 exciting
antennas, polarization stirring due to aperture-coupling and to
the different orientation of the antenna exciting elements, 3 me-
chanical and mode-coupling stirrers, 1 holder-stirrer and vari-
able iris-coupling. The MIMO Analyzer was set-up for 3 holder
positions with 15 different mechanical stirrer positions for each
holder position, 12 iris-coupling aperture stirring and 20 MHz
frequency stirring. Measurements were performed at 1800 MHz
and half-wave dipoles were used as MIMO antennas. A sketch
of the measurement setup can be observed from Fig. 1.

The K-factor, defined as the ratio of the direct path component
to the scattered component can be calculated from measured
S-parameter in a mode-stirred reverberation chamber by [13],

(1)

where is the measured parameter in the mode-stirred re-
verberation chamber for each antenna pair, is the radius of
cluster data and is the distance of centroid of cluster from
the origin. A scatter plot would result in the data clustered in
a circle and centered about the origin for pure Rayleigh-fading
environments . As the direct line of sight (LoS) energy
became comparable to the non-LoS energy, the cluster of data
would move away from the origin, and the fading environment
becomes a Rician one. Scatter plots are useful not only for iden-
tifying the LoS behavior of the fading environments, but also to
quantify the data dispersion through the K-factor. The data set
measured with the chamber has to be large enough to ensure a
Rayleigh-fading scenario. While this is a typical use of RCs, it
also means that both the direct and non-direct coupling paths
are included in the data set in a more complex mode-coupling
muticavity MSC. It is clear from (1) that by increasing the di-
rect component the K-factor will increase. Consequently, we can
move the cluster data away from the origin by adding an offset
continuous component. The offset has to be a complex number
by

(2)

For a target K-factor , the required offset can be
defined by

(3)

The phase of the offset in (3) is obtained from the averaged
phase of all data samples in the initial set. Equation (3) can be
re-written in terms of the S-parameters by

(4)

In order to obtain the desired results, the added offset would
have to be phase-coherent to the selected radius in the way

(5)

The calculated offset has to be added to all samples that are
used for the Rician emulation. In this way the new Rician-fading
samples keep the standard deviation of the original Rayleigh-
fading ones, and therefore the distance can be altered to be
adapted to the target K-factor. Fig. 2 depicts several scatter plots
for the original Rayleigh-fading samples and different Rician-
fading ones with , 15 and 100 using the proposed tech-
nique.

It is clearly observed from this figure that the modified
samples keep the standard deviation while their radius varies
in a proportional way to the target K-factor. Fig. 3 shows a
comparison between measured histograms for diverse sample
sets with their associated probability distribution functions and
several emulated sample sets. Originally-emulated samples
can clearly be associated to a Rayleigh-fading scenario, while
modified samples conform very well to measured Rician-fading
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Fig. 2. Scatter plots for mode-stirred and mode-processed data.

Fig. 3. Histograms for measured and modified data.

scenarios with , 15 and 100. It seems clear, however, that
the method relies on the previous estimation of the initial
factor of the sample set. Consequently, the uncertainties of this
method are linked to the uncertainties of the method employed
to estimate the initial factor of the sample set.

In order to validate the proposed technique, 3 different ini-
tial 3 3 MIMO systems were measured. Three dipoles
in a vertical position were employed as antennas in reception.
The difference between the tested arrays as the spatial separa-
tion between the receiving dipoles, as shown in Table I. The
initial measured K-factor was always below 0.0001 for the 3
systems, that is, clearly a Rayleigh-fading environment. The ini-
tial K-factors were then incremented slightly to between
and using the proposed technique. In this way, with only
3 system measurements in a Rayleigh-fading environment, it
was possible to emulate and evaluate their performance for any
Rician-fading environment. This drastically reduces both R&D
costs and time. The emulated results were compared with the
outdoor measurements results in [14]. This comparison is shown

Fig. 4. Measured and emulated capacity versus SNR for 3� 3 MIMO systems.

TABLE I
MEASURED MIMO ARRAYS

in Fig. 4. Good agreement is observed between outdoor mea-
surements and measurements emulated with the proposed tech-
nique. Thus, this method does not intend to describe the spe-
cific response of the device to a change in the specific angle
of arrival (AoA) characteristic of a fading scenario, but rather
to describe the changes in the general performance of the de-
vice when the scenario contains an increased LoS component.
In Fig. 4, the method closely follows the real evaluation of a de-
vice for changing K factors in outdoor measurements made in
[14]. This is clear evidence that the technique represents a step
forward to the goal of obtaining real-world performance from a
mode-stirred chamber test.

III. MEASURED RESULTS

A. Correlation Results

A traditional parameter to be analyzed is the correlation be-
tween antennas, which gives us an idea of signal similarities.
This parameter has been postulated as sufficient to characterize
the MIMO systems in some popular models such as the Kro-
necker model [15]–[18]. Recent analyses, however, have raised
the need of more information to accurately predict system ca-
pacity [19], [20]. With the aid of the proposed technique, the cor-
relation properties in terms of the fading environment could be
studied. In this way we can analyze how does the correlation co-
efficient change from Rayleigh-fading environments
as K-factors are increased. Fig. 5 shows the correlation coef-
ficient between adjacent antennas for the different systems in
Table I. From this figure one can observe that different correla-
tion characteristics exist for the different systems. As it was ex-
pected, the system with highest correlation coefficient is system
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Fig. 5. Emulated correlation coefficients between adjacent antennas for the
MIMO systems in Table I.

A. This is because of its smallest separation distance between
adjacent vertically-polarized dipole antennas, which leads to the
highest correlation coefficient. In consequence, system C de-
picts the lowest correlation coefficients. It is also important to
note from Fig. 5 that the correlation coefficients change with
changes in the K-factor. While the increment of correlation in
system A with increasing K factor is almost imperceptible (0.97
to 0.98), system C nearly doubles this parameter (0.18 to 0.39),
while system B provides for a 22.4% increment (0.58 to 0.71).
Therefore, one can conclude that when increasing the K-factor
the correlation coefficient also increases, and this increment is
more noticeable when the correlation factor is low. In other
words, the influence of the K-factor is more important for sys-
tems with low correlation between adjacent antennas. It is also
important to stress that the increase in the change in the cor-
relation coefficient that occurs when varying the K-factor has
a limitation. For K-factors below 0.01 the correlation remains
constant. For K-factors between 0.01 and 0.1 the correlation
increases very quickly with increasing K-factor. This K-factor
range accounts for 10% of the total correlation increment. For
K-factors between 0.1 and 10, the correlation increment slope
is more pronounced, achieving in this K-factor range a 90% of
the total increase in correlation. Finally, for K-factors above 10
the correlation coefficient again remains constant. This means
that the environment influences the correlation factor in a spe-
cific K-factor range. In other words, the K-factor plays a role
on correlation coefficients for - . In this
K-factor range a small change in the fading environment has a
direct impact on correlation. Once the NLOS fading environ-
ment degraded to LoS with - , a further degrada-
tion of the NLOS environment has no effect on the correlation
coefficient.

B. Diversity Gain Results

With the proposed technique the influence of the K-factor on
diversity gain can also be analyzed. Fig. 6 shows the cumulative
probability density function versus relative power for system B
with different K-factors. From this figure it becomes clear that

the different curves with - cannot be differenti-
ated, representing a typical Rayleigh-fading distribution. From
K-factors between 1 and 10000, the curves approach a perpen-
dicular line to the -axis. Consequently, diversity gain decreases
with increasing K-factors, which was expected but tested in a
MSC for the first time. Fig. 7 depicts the diversity gain versus
K-factor with probability level as parameter for all tested sys-
tems. In a similar way to what happened for correlation, Fig. 7
also provides for a three-stage effect of the K-factor, this time
for diversity gain. Roughly constant diversity gain values are
observed for K-factors below 0.1. From until
a moderate decline in the diversity gain happens. This decline
becomes more pronounced for until . Finally,
for there is no diversity gain as this value approaches
0 for any given probability level and array type. Fig. 7 also of-
fers an interesting comparison between tested systems. For a
5.8 dB of diversity gain and a cumulative probability of 1%, the
highest possible K-factor is 0.001, 2 and 3.5 for system A, B
and C respectively. This means that system C, with the lowest
correlation but the largest volume, represents a stronger design
against a degradation of the NLOS characteristics of the fading
scenario. Yet, it is also observed from these figures that the in-
herent advantages of system types are mitigated with increasing
K-factor.

For example the difference between selection combined of
system A and C for and a cumulative probability of
0.2% is 9 dB, while the difference between these same systems
for and the same probability is only 1 dB. This means
that with the influence of the array geometry is very
important, while the influence of the array geometry for

onwards is very small. This could be taken into account by
MIMO engineers to decide when it may be necessary to use only
a selection of separated antennas or the whole receiving array
as a functions of fading scenarios where the system is under
operation. As a general recommendation, it can be said that for
K-factors below 10, an increase in the spacing between antennas
may be useful. Also as a general rule, it can be established that
for lower cumulative probability and lower K-factors, the effect
of MIMO array geometry on diversity gain is more pronounced.

C. Channel Eigenvalues

The eigenvalues limit the capacity of the channel. Therefore,
this limitation can be observed by studying their evolution with
changing K-factor. Fig. 8 illustrates the mean eigenvalues for
tested system B. It can be seen that the first eigenvalue is al-
ways constant regardless of the K-factor value. Yet, the second
and third eigenvalues change with changing K-factor. It is im-
portant to note that for system B the eigenvalues do not change
when . Fig. 9 shows the eigenvalues response versus
K-factor for all tested systems. From Fig. 9 it can be seen that
while the first eigenvalue is practically equal in all three sys-
tems, eigenvalues 2 and 3 decrease with the same slope for all
systems when - . That is, with the eigen-
values of the channel matrix remain constant. The eigenvalues
of the channel matrix starts changing when for all tested
systems. This indicates that the evolution of the eigenvalues de-
pends only on the K-factor and not so strongly on the specific
characteristic of the MIMO array.
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Fig. 6. Cumulative probability density function versus relative power for
system B with different K-factors.

Fig. 7. Diversity gain versus K-factor with probability level as parameter, for
all tested systems.

Fig. 8. Mean eigenvalues for tested system B.

D. MIMO Capacity Results

The capacity of MIMO channels can be written as [21], [22]

(6)

Fig. 9. Mean eigenvalues versus K-factor for all tested systems.

with the channel matrix, the number antennas at the trans-
mitter, the number antennas at the receiver and as the iden-
tity matrix with dimension . Let denote
the nonzero eigenvalues of the matrix, ’
with , then the capacity in (6) can be written
as [23]

(7)

Fig. 10 shows the measured capacity for all tested systems
versus SNR for different K-factors. Fig. 11 depicts the same
measured capacity versus K-factor for different SNR values.
Fig. 10 clearly shows that system capacity decreases with in-
creasing K-factor, as expected. The decrement is more notice-
able for very high SNR values, as it was also expected. As an
example, for system B and a , the capacity loss
with regard to the case with , 1 and 10000 is 1.6
bit/s/Hz (7%), 6.1 bit/s/Hz (26.9%) and 11 bit/s/Hz (48.7%), re-
spectively. For very high K-factors all systems exhibit the same
capacity, as it was also expected. Similarly, the minimum SNR
required for achieving a specific system capacity can be ex-
tracted from Fig. 11. For example, in order to reach a system
B capacity of 10 bits/s/Hz, a , 16.3, 20, 23.2 and
25 would be required for K-factors of 0.001, 0.1, 1, 10, 100
and 1000, respectively. Some examples of SNR values required
to reach specific capacities at different K-factors are listed in
Table II.

For example, if a capacity greater than 15 bit/s/Hz is required,
this can be done with a and or a

and . This requirement would not
be fulfilled for . Finally, it is also clear from
Fig. 11 that for high K-factors and given a specific SNR value,
all systems achieve the same capacity. The capacity increase
when changing a MIMO system to a different one out of Table I
is illustrated in Table III with respect to the K-factor. From
this Table it is also extracted that the change from system A
to B produce a considerable capacity increase (over 15%) for

- with . The same change but with
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Fig. 10. Measured capacity of all tested systems versus SNR for different
K-factors.

Fig. 11. Measured capacity of all tested systems versus K-factor for different
SNR values.

TABLE II
REQUIRED SNR FOR DIFFERENT CAPACITIES

, however, provides for similar capacity incre-
ments but this time for - . This means that larger
spatial separations in MIMO arrays provide a better benefit for
high SNR scenarios.

IV. CONCLUSIONS

Accurate emulation of any Rician-fading environment has
been performed with a mode-stirred reverberation chamber for
the first time. The new technique allows for greater versatility
and a more detailed study of the influence of the K-factor on

TABLE III
CAPACITY INCREASE (%) WHEN CHANGING MIMO SYSTEMS

MIMO performance. Correlation, diversity gain and MIMO
capacity have been analyzed for three different MIMO systems
under a variety of Rician-fading environments with different
K-factors. Different effects have been evaluated. Results con-
firm previously-published influence of K-factors for outdoor
measurements, yet this time with the use of a mode-stirred
chamber for the first time. The proposed technique allows for
a better study of K-factor influence on MIMO performance
for wireless communications systems, avoiding cumbersome
outdoor measurements. The results presented in this paper have
been employed to extend the measuring capabilities of EMITE
Ing second generation mode-stirred reverberation chambers, in
addition to the emulation of non-isotropic environments. The
technique represents a step forward to the goal of obtaining
real-world performance from a mode-stirred reverberation
chamber test. The technique is patent protected by EMITE Ing.
Future research works include the hybridization of the new
technique with some sample selection algorithm so as to further
increase accuracy while reducing representative test samples to
those important for each specific fading scenario.
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Emulation of MIMO Rician-Fading Environments
With Mode-Stirred Reverberation Chambers
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Abstract—Some recent publications have extended the em-
ulating capabilities of mode-stirred reverberation chambers,
which are now able to emulate Ricean-fading and non-isotropic
environments. Either the need to physically modify existing
chambers or multiple sets of measurements is required for these
enhancements. In this paper a novel post-processing hybrid tool
is presented for the transformation of a Rayleigh-fading emulated
environment into a Rician one. The model is tested and compared
to outdoor measurements and simulations through the K-factor,
correlation, diversity gain and MIMO capacity. Results show an
excellent matching performance with no hardware modifications
of mode-stirred chambers with just one set of measurements. The
method is patent protected by EMITE Ing.

Index Terms—Channel capacity, diversity gain, multiple-input-
multiple-output (MIMO) systems, radiation efficiency.

I. INTRODUCTION

A single-cavity mode-stirred reverberation chamber, also
known as a reverberation chamber (RC), is a metal

cavity sufficiently large to support many resonant modes.
Although RCs have been extensively used in electromagnetic
compatibility problems [1], their use for antennas and propa-
gation-related problems have only acquired attention in the last
few years. This is due to their ability to artificially generate a
repeatable multipath environment. RCs were initially thought
to provide an isotropic and randomly polarized measuring
scenario. This was done by perturbing the modes with stir-
rers and rotating platforms. In this way a fading environment
similar to the ones found in indoor and urban environments
(Rayleigh) but with a uniform elevation distribution of the
incoming waves is obtained [2], [3]. The real and imaginary
parts of the received signal become then normally (Gaussian)
distributed, with the associated magnitude following a Rayleigh
distribution and the phase following a uniform distribution over
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. While avoiding cumbersome outdoor measurements, com-
pact-size RCs provide accurate, repeatable and reliable ways
of validating measurements for antenna systems and diversity
schemes [4]. Yet, real propagating scenarios rarely follow
an ideal Rayleigh-fading environment. The K-factor of more
general Rician-fading environments changes as the distance of
receiver to transmitter changes [5]. Macrocells usually offer
a greater K-factor than microcells [6] while rich multipath
environments provide K-factors typically close to 0 [7]. Conse-
quently, recent research efforts have concentrated on extending
the original capabilities of first-generation RCs. Good examples
are the recent extension to non-isotropic environments [8] and
the emulation of the effects of metallic windows and other
artefacts, trees and walls in buildings [9], although this last
one only for Rayleigh-fading scenarios. Unlike reverberation
chambers (RCs), where only one cavity is used, MSCs may
contain more than one metal cavity. Cavities are coupled by
diverse means and a rich fading environment consisting on
diverse clusters with different fading characteristics can be
obtained. The MSC also contains a set of mode stirrers that
change the boundary conditions of the main cavity within the
chamber. This causes a multi-reflective environment which is
repeatable and can be statistically studied. MSCs can be used as
a very fast, easy, and accurate tool to measure a wide variety of
MIMO parameters for different extension of the performance
of conventional RCs [10]–[12]. With the use of appropriate
equipment and through adequate processing of the measured
scattering (S) parameters, radiation efficiency, self-impedance,
total radiated power, total isotropic sensitivity and several
MIMO channel performance variables, including bit error rate
(BER), can now be evaluated using MSCs. The extension to
emulate Rician-fading [13] has also been available recently.
In this Rician-fading emulation technique, however, either
complex hardware alterations or large sets of measurements are
required. In [13], the Rician-fading environment is obtained
at the cost of varying the chamber characteristics and/or the
antenna configuration. There is an inherently higher hardware
complexity to this option.

In this paper, a novel mode-processing technique which
allows for an emulation of Rician-fading environments from
the data taken in a mode-stirred reverberation chamber with
Rayleigh-fading emulated environment is presented. The
method is not intended to describe in detail the response of
a device to a change in the angle of arrival (AoA), but rather
uses a deterministic component of a Rician signal via post pro-
cessing to observe the associated changes in the conventional
post-processing techniques used to determine general MIMO
parameters of the device, such as diversity gain and MIMO

0018-926X/$26.00 © 2010 IEEE
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Fig. 1. Sketch of measurements with the E200 MIMO analyzer.

capacity. The method allows the MIMO designer to evaluate
several Rician K-factors environments with a single mea-
surement set in the MSC. With this technique a considerable
reduction of chamber cost and complexity as well as measuring
time is provided, alleviating the hardware complexity of other
techniques. Section II describes the proposed measurement
and emulation technique for Rician-fading environments. The
method is validated through a comparison to other simulated
and measured results. Channel eigenvalues, correlation, diver-
sity gain and system capacity results for several scenarios are
described in Section III. Finally, some conclusions are outlined
in Section IV.

II. EMULATING AND MEASURING TECHNIQUE

Measurements illustrated in this paper have been performed
with the EMITE Ing 8 8 MIMO Analyzer Series E200a in
connection to the Rohde & Schwarz ZVRE Vector Network An-
alyzer (9 kHz to 4 GHz). The MIMO Analyzer is a second gen-
eration two-cavity mode-stirred reverberation chamber with ex-
ternal dimensions of 0.82 m 1.275 m 1.95 m, 8 exciting
antennas, polarization stirring due to aperture-coupling and to
the different orientation of the antenna exciting elements, 3 me-
chanical and mode-coupling stirrers, 1 holder-stirrer and vari-
able iris-coupling. The MIMO Analyzer was set-up for 3 holder
positions with 15 different mechanical stirrer positions for each
holder position, 12 iris-coupling aperture stirring and 20 MHz
frequency stirring. Measurements were performed at 1800 MHz
and half-wave dipoles were used as MIMO antennas. A sketch
of the measurement setup can be observed from Fig. 1.

The K-factor, defined as the ratio of the direct path component
to the scattered component can be calculated from measured
S-parameter in a mode-stirred reverberation chamber by [13],

(1)

where is the measured parameter in the mode-stirred re-
verberation chamber for each antenna pair, is the radius of
cluster data and is the distance of centroid of cluster from
the origin. A scatter plot would result in the data clustered in
a circle and centered about the origin for pure Rayleigh-fading
environments . As the direct line of sight (LoS) energy
became comparable to the non-LoS energy, the cluster of data
would move away from the origin, and the fading environment
becomes a Rician one. Scatter plots are useful not only for iden-
tifying the LoS behavior of the fading environments, but also to
quantify the data dispersion through the K-factor. The data set
measured with the chamber has to be large enough to ensure a
Rayleigh-fading scenario. While this is a typical use of RCs, it
also means that both the direct and non-direct coupling paths
are included in the data set in a more complex mode-coupling
muticavity MSC. It is clear from (1) that by increasing the di-
rect component the K-factor will increase. Consequently, we can
move the cluster data away from the origin by adding an offset
continuous component. The offset has to be a complex number
by

(2)

For a target K-factor , the required offset can be
defined by

(3)

The phase of the offset in (3) is obtained from the averaged
phase of all data samples in the initial set. Equation (3) can be
re-written in terms of the S-parameters by

(4)

In order to obtain the desired results, the added offset would
have to be phase-coherent to the selected radius in the way

(5)

The calculated offset has to be added to all samples that are
used for the Rician emulation. In this way the new Rician-fading
samples keep the standard deviation of the original Rayleigh-
fading ones, and therefore the distance can be altered to be
adapted to the target K-factor. Fig. 2 depicts several scatter plots
for the original Rayleigh-fading samples and different Rician-
fading ones with , 15 and 100 using the proposed tech-
nique.

It is clearly observed from this figure that the modified
samples keep the standard deviation while their radius varies
in a proportional way to the target K-factor. Fig. 3 shows a
comparison between measured histograms for diverse sample
sets with their associated probability distribution functions and
several emulated sample sets. Originally-emulated samples
can clearly be associated to a Rayleigh-fading scenario, while
modified samples conform very well to measured Rician-fading



IE
EE

 P
ro

of

Pr
in

t V
er

sio
n

SÁNCHEZ-HEREDIA et al.: EMULATION OF MIMO RICIAN-FADING ENVIRONMENTS WITH MODE-STIRRED REVERBERATION CHAMBERS 3

Fig. 2. Scatter plots for mode-stirred and mode-processed data.

Fig. 3. Histograms for measured and modified data.

scenarios with , 15 and 100. It seems clear, however, that
the method relies on the previous estimation of the initial
factor of the sample set. Consequently, the uncertainties of this
method are linked to the uncertainties of the method employed
to estimate the initial factor of the sample set.

In order to validate the proposed technique, 3 different ini-
tial 3 3 MIMO systems were measured. Three dipoles
in a vertical position were employed as antennas in reception.
The difference between the tested arrays as the spatial separa-
tion between the receiving dipoles, as shown in Table I. The
initial measured K-factor was always below 0.0001 for the 3
systems, that is, clearly a Rayleigh-fading environment. The ini-
tial K-factors were then incremented slightly to between
and using the proposed technique. In this way, with only
3 system measurements in a Rayleigh-fading environment, it
was possible to emulate and evaluate their performance for any
Rician-fading environment. This drastically reduces both R&D
costs and time. The emulated results were compared with the
outdoor measurements results in [14]. This comparison is shown

Fig. 4. Measured and emulated capacity versus SNR for 3� 3 MIMO systems.

TABLE I
MEASURED MIMO ARRAYS

in Fig. 4. Good agreement is observed between outdoor mea-
surements and measurements emulated with the proposed tech-
nique. Thus, this method does not intend to describe the spe-
cific response of the device to a change in the specific angle
of arrival (AoA) characteristic of a fading scenario, but rather
to describe the changes in the general performance of the de-
vice when the scenario contains an increased LoS component.
In Fig. 4, the method closely follows the real evaluation of a de-
vice for changing K factors in outdoor measurements made in
[14]. This is clear evidence that the technique represents a step
forward to the goal of obtaining real-world performance from a
mode-stirred chamber test.

III. MEASURED RESULTS

A. Correlation Results

A traditional parameter to be analyzed is the correlation be-
tween antennas, which gives us an idea of signal similarities.
This parameter has been postulated as sufficient to characterize
the MIMO systems in some popular models such as the Kro-
necker model [15]–[18]. Recent analyses, however, have raised
the need of more information to accurately predict system ca-
pacity [19], [20]. With the aid of the proposed technique, the cor-
relation properties in terms of the fading environment could be
studied. In this way we can analyze how does the correlation co-
efficient change from Rayleigh-fading environments
as K-factors are increased. Fig. 5 shows the correlation coef-
ficient between adjacent antennas for the different systems in
Table I. From this figure one can observe that different correla-
tion characteristics exist for the different systems. As it was ex-
pected, the system with highest correlation coefficient is system
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Fig. 5. Emulated correlation coefficients between adjacent antennas for the
MIMO systems in Table I.

A. This is because of its smallest separation distance between
adjacent vertically-polarized dipole antennas, which leads to the
highest correlation coefficient. In consequence, system C de-
picts the lowest correlation coefficients. It is also important to
note from Fig. 5 that the correlation coefficients change with
changes in the K-factor. While the increment of correlation in
system A with increasing K factor is almost imperceptible (0.97
to 0.98), system C nearly doubles this parameter (0.18 to 0.39),
while system B provides for a 22.4% increment (0.58 to 0.71).
Therefore, one can conclude that when increasing the K-factor
the correlation coefficient also increases, and this increment is
more noticeable when the correlation factor is low. In other
words, the influence of the K-factor is more important for sys-
tems with low correlation between adjacent antennas. It is also
important to stress that the increase in the change in the cor-
relation coefficient that occurs when varying the K-factor has
a limitation. For K-factors below 0.01 the correlation remains
constant. For K-factors between 0.01 and 0.1 the correlation
increases very quickly with increasing K-factor. This K-factor
range accounts for 10% of the total correlation increment. For
K-factors between 0.1 and 10, the correlation increment slope
is more pronounced, achieving in this K-factor range a 90% of
the total increase in correlation. Finally, for K-factors above 10
the correlation coefficient again remains constant. This means
that the environment influences the correlation factor in a spe-
cific K-factor range. In other words, the K-factor plays a role
on correlation coefficients for - . In this
K-factor range a small change in the fading environment has a
direct impact on correlation. Once the NLOS fading environ-
ment degraded to LoS with - , a further degrada-
tion of the NLOS environment has no effect on the correlation
coefficient.

B. Diversity Gain Results

With the proposed technique the influence of the K-factor on
diversity gain can also be analyzed. Fig. 6 shows the cumulative
probability density function versus relative power for system B
with different K-factors. From this figure it becomes clear that

the different curves with - cannot be differenti-
ated, representing a typical Rayleigh-fading distribution. From
K-factors between 1 and 10000, the curves approach a perpen-
dicular line to the -axis. Consequently, diversity gain decreases
with increasing K-factors, which was expected but tested in a
MSC for the first time. Fig. 7 depicts the diversity gain versus
K-factor with probability level as parameter for all tested sys-
tems. In a similar way to what happened for correlation, Fig. 7
also provides for a three-stage effect of the K-factor, this time
for diversity gain. Roughly constant diversity gain values are
observed for K-factors below 0.1. From until
a moderate decline in the diversity gain happens. This decline
becomes more pronounced for until . Finally,
for there is no diversity gain as this value approaches
0 for any given probability level and array type. Fig. 7 also of-
fers an interesting comparison between tested systems. For a
5.8 dB of diversity gain and a cumulative probability of 1%, the
highest possible K-factor is 0.001, 2 and 3.5 for system A, B
and C respectively. This means that system C, with the lowest
correlation but the largest volume, represents a stronger design
against a degradation of the NLOS characteristics of the fading
scenario. Yet, it is also observed from these figures that the in-
herent advantages of system types are mitigated with increasing
K-factor.

For example the difference between selection combined of
system A and C for and a cumulative probability of
0.2% is 9 dB, while the difference between these same systems
for and the same probability is only 1 dB. This means
that with the influence of the array geometry is very
important, while the influence of the array geometry for

onwards is very small. This could be taken into account by
MIMO engineers to decide when it may be necessary to use only
a selection of separated antennas or the whole receiving array
as a functions of fading scenarios where the system is under
operation. As a general recommendation, it can be said that for
K-factors below 10, an increase in the spacing between antennas
may be useful. Also as a general rule, it can be established that
for lower cumulative probability and lower K-factors, the effect
of MIMO array geometry on diversity gain is more pronounced.

C. Channel Eigenvalues

The eigenvalues limit the capacity of the channel. Therefore,
this limitation can be observed by studying their evolution with
changing K-factor. Fig. 8 illustrates the mean eigenvalues for
tested system B. It can be seen that the first eigenvalue is al-
ways constant regardless of the K-factor value. Yet, the second
and third eigenvalues change with changing K-factor. It is im-
portant to note that for system B the eigenvalues do not change
when . Fig. 9 shows the eigenvalues response versus
K-factor for all tested systems. From Fig. 9 it can be seen that
while the first eigenvalue is practically equal in all three sys-
tems, eigenvalues 2 and 3 decrease with the same slope for all
systems when - . That is, with the eigen-
values of the channel matrix remain constant. The eigenvalues
of the channel matrix starts changing when for all tested
systems. This indicates that the evolution of the eigenvalues de-
pends only on the K-factor and not so strongly on the specific
characteristic of the MIMO array.
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Fig. 6. Cumulative probability density function versus relative power for
system B with different K-factors.

Fig. 7. Diversity gain versus K-factor with probability level as parameter, for
all tested systems.

Fig. 8. Mean eigenvalues for tested system B.

D. MIMO Capacity Results

The capacity of MIMO channels can be written as [21], [22]

(6)

Fig. 9. Mean eigenvalues versus K-factor for all tested systems.

with the channel matrix, the number antennas at the trans-
mitter, the number antennas at the receiver and as the iden-
tity matrix with dimension . Let denote
the nonzero eigenvalues of the matrix, ’
with , then the capacity in (6) can be written
as [23]

(7)

Fig. 10 shows the measured capacity for all tested systems
versus SNR for different K-factors. Fig. 11 depicts the same
measured capacity versus K-factor for different SNR values.
Fig. 10 clearly shows that system capacity decreases with in-
creasing K-factor, as expected. The decrement is more notice-
able for very high SNR values, as it was also expected. As an
example, for system B and a , the capacity loss
with regard to the case with , 1 and 10000 is 1.6
bit/s/Hz (7%), 6.1 bit/s/Hz (26.9%) and 11 bit/s/Hz (48.7%), re-
spectively. For very high K-factors all systems exhibit the same
capacity, as it was also expected. Similarly, the minimum SNR
required for achieving a specific system capacity can be ex-
tracted from Fig. 11. For example, in order to reach a system
B capacity of 10 bits/s/Hz, a , 16.3, 20, 23.2 and
25 would be required for K-factors of 0.001, 0.1, 1, 10, 100
and 1000, respectively. Some examples of SNR values required
to reach specific capacities at different K-factors are listed in
Table II.

For example, if a capacity greater than 15 bit/s/Hz is required,
this can be done with a and or a

and . This requirement would not
be fulfilled for . Finally, it is also clear from
Fig. 11 that for high K-factors and given a specific SNR value,
all systems achieve the same capacity. The capacity increase
when changing a MIMO system to a different one out of Table I
is illustrated in Table III with respect to the K-factor. From
this Table it is also extracted that the change from system A
to B produce a considerable capacity increase (over 15%) for

- with . The same change but with
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Fig. 10. Measured capacity of all tested systems versus SNR for different
K-factors.

Fig. 11. Measured capacity of all tested systems versus K-factor for different
SNR values.

TABLE II
REQUIRED SNR FOR DIFFERENT CAPACITIES

, however, provides for similar capacity incre-
ments but this time for - . This means that larger
spatial separations in MIMO arrays provide a better benefit for
high SNR scenarios.

IV. CONCLUSIONS

Accurate emulation of any Rician-fading environment has
been performed with a mode-stirred reverberation chamber for
the first time. The new technique allows for greater versatility
and a more detailed study of the influence of the K-factor on

TABLE III
CAPACITY INCREASE (%) WHEN CHANGING MIMO SYSTEMS

MIMO performance. Correlation, diversity gain and MIMO
capacity have been analyzed for three different MIMO systems
under a variety of Rician-fading environments with different
K-factors. Different effects have been evaluated. Results con-
firm previously-published influence of K-factors for outdoor
measurements, yet this time with the use of a mode-stirred
chamber for the first time. The proposed technique allows for
a better study of K-factor influence on MIMO performance
for wireless communications systems, avoiding cumbersome
outdoor measurements. The results presented in this paper have
been employed to extend the measuring capabilities of EMITE
Ing second generation mode-stirred reverberation chambers, in
addition to the emulation of non-isotropic environments. The
technique represents a step forward to the goal of obtaining
real-world performance from a mode-stirred reverberation
chamber test. The technique is patent protected by EMITE Ing.
Future research works include the hybridization of the new
technique with some sample selection algorithm so as to further
increase accuracy while reducing representative test samples to
those important for each specific fading scenario.
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