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to the ideal behavior. The termination of the antenna will result in
ringing behavior that should be smoothed by an appropriate loading
scheme. A partially focused monocone antenna would provide an
omnidirectional radiator with the properties of (6), while a partially
focused TEM horn would provide one with more gain. The antenna
designed by Ameya, et al., seems to accomplish this task by tapering
the impedance of the printed monocone.

VI. CONCLUSION

In this paper we have presented requirements for an UWB antenna
that can provide a dispersionless channel when used as both the
transmit and receive antenna. The desired antenna would need to
closely approximate an ideal, pulsed line source and would radiate a
waveform that approximates a half derivative of the applied voltage.
We demonstrated that such a waveform could be generated by a current
source that is spatially limited by a Gaussian waveform.

Creating an antenna that produces such a pulse is a challenge. We
provided a concept that might lead to such an antenna. By noting that
a focused aperture antenna radiates a derivative of the applied voltage
and a completely unfocused aperture radiates a replica of the applied
voltage [4], it was hypothesized that an antenna that is focused in
elevation but unfocused in azimuth would create the desired waveform,
at least in the vicinity of the antenna. Further analysis of the proposed
strategy is warranted. However, recent experimental results using
printed monopole antennas seem to indicate that the desired goal can
be achieved, at least over a limited range of frequencies [9].
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A MIMO Channel Model Based on the Nakagami-Faded
Spatial Eigenmodes

Michail Matthaiou, David I. Laurenson, and John S. Thompson

Abstract—We propose a stochastic model for multiple-input multiple-
output (MIMO) communication systems based on the eigendecomposition
of the spatial correlation matrix. It is shown that the channel matrix can be
well modeled by the superposition of the spatial eigenmodes experiencing
independent Nakagami-mm fading. The proposed scheme is also compared
with the existing correlation-based models using the data obtained from an
indoor measurement campaign so that its performance is assessed in depth.

Index Terms—Fading channels, multiple-input multiple-output (MIMO)
systems, spatial correlation.

I. INTRODUCTION

In recent years, the area of multiple-input multiple-output (MIMO)
channel modeling has attracted considerable research interest since a
reliable model can in principle predict the propagation mechanisms
and ultimately make possible the integration of MIMO technology into
real-time applications. On this basis, various stochastic modeling ap-
proaches have been proposed in the literature with a view to capturing
the spatial behavior at both the transmitter (Tx) and the receiver (Rx).

More specifically, the so called “Kronecker model” [1] assumes that
the spatial correlation properties at both ends of the link are separable
which can result though in the multipath structure being rendered in-
correctly. In other words, it enforces the joint angular power spectrum
(APS) to be the product of the direction of arrival (DoA) and direction
of departure (DoD) power spectra. The model may give accurate esti-
mates when three or less antenna elements are employed but for larger
arrays (and hence an improved angular resolution) its performance de-
teriorates significantly [2]. However, it has been extensively used for
the theoretical analysis and simulations of MIMO systems thanks to its
simplicity.

On the other hand, the so called “Weichselberger model” [3] allevi-
ates the deficiencies of the Kronecker model by considering the joint
correlation structure of both ends and consequently the average cou-
pling between the spatial subchannels is effectively modeled. Although
more robust than the Kronecker model with systems employing more
than four antennas, it still falls short of precisely capturing all spatial
activity [4], [5]. Yet, the multipath environment is occasionally not re-
produced properly resulting in an inaccurate estimate of the joint APS.

In this letter, we present a full spatial correlation model which en-
compasses a generalized version of the aforementioned approaches and
yields a better fit, in terms of statistical metrics, with the measured data.
The common assumption of Rayleigh fading, which is often violated
in measured channels, is relaxed by considering the more flexible Nak-
agami-m distribution in order to account for the presence of strong
obstructed line-of-sight (LoS) components.

The letter is organized as follows: In Section II, we derive
the proposed MIMO channel model in a straightforward manner. In
Section III, an indoor MIMO measurement campaign is described. The
statistical characteristics as well as the accuracy of the Nakagami-m
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fading assigned to each eigenmode are addressed in Section IV. The
performance of the stochastic model is evaluated in Section V using
the measured data. Finally, Section VI summarizes the key findings.

II. MIMO CHANNEL MODEL

For a flat-fading MIMO system equipped with N transmit and 3
receive antenna elements, the complex input-output relationship can
be written for the discrete case as

y=Hx+4+n @))]

where x € CV*" is the transmitted signal vector, y € C* " is the
noise-corrupted received signal and n € C**! corresponds to the ad-
ditive noise plus interference. The term H € C* ¥ is usually referred
to as the channel transfer function matrix and contains the complex re-
sponses between all antenna pairs. The full spatial correlation matrix,
describing the joint correlation properties of both link ends, is defined
as [1]

Ru £ En {Vec(H)Vec(H)H} g CMINVxMN 2)

where the vec(-) operator stacks the columns of a matrix into a vector
and ()" is the Hermitian transposition. The eigendecomposition of
Ry into a sum of rank-one matrices yields

MN
Ru = Z /\kllkll/’cl 3

k=1

where )\ are the real non zero ordered eigenvalues (A1 > Ao >
- > Auwn > 0) and u; contain the corresponding eigenvectors
which are by definition mutually orthogonal and have unit norm. We
note that the number of non-zero eigenvalues determines the rank of
Ry which is upper bounded by M N. The eigenvector uy, can be re-
shaped column-wise into the matrix U, = unvec(u;) € CMXxN
which we will refer to hereafter as the k-th eigenmode. From a phys-
ical viewpoint, eigenvalues specify the degree of diversity offered by
the channel while eigenmodes, commonly representing a linear combi-
nation of propagation paths, are indicative of the spatial multiplexing
(SM) ability [3]. Likewise, the channel matrix can be modeled as

MN

Hmod = Z (l[k]\/xUk (4)

k=1

From (4), we readily infer that the probability density function (pdf) of
g[k] expresses the fading variations of the channel. In fact, the fading
coefficients g[k] are independent and identically distributed (i.i.d.)
random variables satisfying the relationship Ey{g[m]g*[n]} = &mn,
where 6,,., is the Kronecker delta function.! We underline the fact that
the second-order moment of g[k] is assumed to be the same for all k&
so that the eigenvalues A, reflect the power of each eigenmode.

III. INDOOR MEASUREMENT CAMPAIGN

An indoor measurement campaign was carried out in the Electrical
Engineering Building in Vienna University of Technology [6]. The
measurements were conducted using the MEDAV RUSK ATM channel
sounder which was probed at 193 equispaced frequency bins, covering

It is trivial to check the validity of (4) by calculating the spatial correlation
matrix according to (2).
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120 MHz of bandwidth, at a carrier frequency of 5.2 GHz. The Rx em-
ployed a uniform linear array (ULA) of eight vertically-polarized ele-
ments with an inter-element distance of 0.4\ which was fully calibrated
in order to remove the undesired effects of mutual coupling and other
array imperfections. At the Tx, an omnidirectional sleeve antenna was
moved on a 10 x 20 rectangular grid with element spacings of 0.5\.
By considering a virtual eight-element ULA on each row, we end up
with 13 x 10 = 130 spatial realizations of the 8 x 8 MIMO transfer
matrix. Thus, a total set of 130 x 193 = 25, 090 space and frequency
realizations per measurement scenario was obtained.

The Rx was placed at 24 locations in several offices while the Tx was
fixed in a hallway. In order to capture the whole azimuth domain ac-
tivity, the Rx was steered to three different directions (spaced by 120°),
leading to the generation of 72 data sets, i.e., combinations of Rx posi-
tions and directions.

IV. NAKAGAMI-M FADING CHARACTERISTICS

Intuitively, the main concept behind the proposed model (4) orig-
inates from the well-known Karhunen-Loeve transform (KLT) which
has been extensively used in numerous applications that range from
image compression to seismology and computer graphics in order to
decorrelate multi-element data based on the eigendecomposition of the
correlation matrix [7]. The resulting uncorrelated eigenmodes are as-
signed a Nakagami-m fading process [8] which yields a satisfactory fit
with real-time data for various measured channels (see [9] and refer-
ences therein). The normalized Nakagami-m pdf of the fading envelope
R is given by

2 m_2m—1_—mr>
m (&

fr(r) = T(m) )

r>0 5)

with T'( - ) expressing the gamma function. The Nakagami fading figure
m[k](1 < k < MN), which determines the severity of fading, is
estimated directly from the measured data according to

E {’u£TXfeC(H)|2}2

E {{|u,£rvec(H)|2 - F {|u,’€’vec(H)|2}}2}
Y

- F {{|u,£rvec(H)|2 — /\k}z}

In Fig. 1, we illustrate the cumulative distribution function (cdf) of a
normalized measured fading envelope which indicates the excellent fit
of the Nakagami-m distribution.

This aggregate statistical metric shows the poor match of the com-
monly used Rayleigh distribution while the Ricean distribution fits rea-
sonably well, except in the tails of the measured data. Similar trends
were observed at most of the considered cases. To further justify our
choice, we have computed the mean squared error (MSE) of these three
candidate cdf fits across the whole data set with the key characteristics
being tabulated in Table I. The average and standard deviation mea-
sures indicate that the Nakagami-m fit yields a rather good accuracy
and substantially outperforms the Rayleigh fit by an order of one mag-
nitude while it remains robust and experiences the lowest maximum
MSE. On the basis of which model best fits the measured data set,
we notice the smallest MSE to occur at 72.40% of the cases when a
Nakagami-m fit is employed thereby confirming its improved perfor-
mance compared to the other two reference distributions (right-hand
column of Table I). For the generation of the uncorrelated Nakagami-m

mk]
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TABLE I
MSE CHARACTERISTICS OF THREE CDF FITTING DISTRIBUTIONS

minimum MSE | maximum MSE || smallest MSE
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average MSE | std. deviation MSE
Rayleigh 2.38 x 10~ 1.72 x 103
Ricean 4.95 x 107° 1.28 x 1074
Nakagami-m | 3.81 x 10~5 1.23 x 10~4
1 : : : : : : —
09 Measured data s - ; i
—— ' Nakagami fit
08 r — — — Ricean fit P
Rayleigh fit
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a 7
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Normalized fading envelope
Fig. 1. Cdf of a normalized measured envelope in comparison with Nak-

agami-m, Ricean and Rayleigh distributions.

envelope variates we adopt the rejection/acceptance method proposed
in [10] which is accurate and computationally efficient for arbitrary
values of m. Then, the spatial fading coefficients may be expressed
as g[k] = R[k] exp(jo[k]), where ¢[k] is a random phase distributed
uniformly in [0, 27 ). The uniform phase assumption was found to be
valid even for large values of the m-factor (i.e., non-Rayleigh condi-
tions) and thanks to its intrinsic simplicity was incorporated throughout
our analysis.

V. MIMO CHANNEL MODEL VALIDATION

The proposed model is assessed by means of the mutual information
and the link-level performance using a minimum mean squared error
(MMSE) detector which can minimize the overall error caused by noise
and mutual interference. Firstly, we compute the measured correlation
matrix, using all space and frequency realizations, and thereafter the
matrix is decomposed in order to obtain the spatial eigenmodes; as a
next step 25,090 synthetic channel realizations are generated according
to (4) and hence the measured and simulated ensembles are the same. In
order to remove the path-loss effects, both ensembles are normalized
so that the constraint E{||H||%} = MN is fulfilled, where || - ||7
corresponds to the Frobenius norm.

Assuming perfect channel state information (CSI) at the Rx but no
knowledge at the Tx, the average mutual information (ergodic channel
capacity) is given by

I=E {mg2 (det (IM + %HHH)) } (bits/s/Hz) (7)

where I is the M x M identity matrix and p denotes the system
signal-to-noise ratio (SNR) per receiver branch [11]. The latter was

5.59 x 10~7 5.32 x 1072 5.79 (%)
5.53 x 107 4.72 x 1073 21.81 (%)
4.65 x 107 4.18 x 103 72.40 (%)

set equal to 20 dB2 while the expectation operation was performed on
either the measured data or the fading realizations of g[¥]. In Fig. 2,
two different models are compared, namely the Nakagami and the We-
ichselberger models; the modeled capacity is plotted against the mea-
sured capacity for each of the 72 scenarios under investigation. The
Kronecker model is not included in our comparison since it is a special
case of the Weichselberger model and yields an inferior performance
for the great majority of cases [3]-[5].

From this figure, we observe that the proposed model holds a smaller
modeling error than the Weichselberger model, whose mismatch in-
creases with decreasing mutual information, for all the scenarios under
investigation; in particular, a 2.2 dB improvement was achieved in the
MSE from —9.72 to —11.93 dB. Additional study revealed that the We-
ichselberger’s accuracy diminishes when the outage mutual informa-
tion is considered, resulting in an overestimation of the diversity level;
this is consistent with the results presented in [4], [5]. The good fit of the
Nakagami model can be partially attributed to the presence of strong
obstructed LoS components at the majority of Rx locations due to its in-
herent higher flexibility compared to the more restricted Rayleigh and
Ricean distributions. In other words, for the corresponding eigenmodes
m > 1 and therefore the fluctuations of the signal strength reduce com-
pared to Rayleigh fading.

The link-level performance is evaluated by considering a SM
scheme, namely linear MMSE detection. The uncoded transmitted
signal is modulated using BPSK modulation. For these specifications,
the estimated transmit signal vector x is [12]

% =W -y, where W = argmin E{[|[Wy - x|’} (8

and thus the following closed-form expression is finally obtained

x=HIHEB! + NoLy) -y ©)
with Ny expressing the noise power. Due to space constraints, we di-
rectly focus on the BER mismatch at a target SNR of 20 dB against the
Nakagami m-factor of the dominant eigenmode (cf. Fig. 3). In general,
the BER mismatch is defined as the difference between the measured
and the modeled BER at a target SNR. The distribution of the m values
validates clearly the assumption of Nakagami fading while we notice
a significant portion of them well beyond the typical unity value. The
proposed model holds again a superior performance for the vast ma-
jority of measured scenarios (68 out of 72 scenarios); in fact, its BER
estimators deviate by up to 11% while the Weichselberger’s by up to
20% and the MSEs (for the same target SNR) are 2. 24 x 107" and 4.47
x 10~® respectively, expressing a 3 dB improvement. It is noteworthy
that the relative difference of estimators is higher when more than one
eigenmodes experience purely Nakagami fading (m > 2).

The only disadvantage of the proposed scheme lies in its increased
complexity burden which is generally a crucial issue that affects the
choice of the most appropriate channel model. While the Kronecker

2This value is chosen so that the system SNR is well below the measured SNR
which lies in the region 55-60 dB after averaging the channel response across
128 temporal snapshots.
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Fig. 2. Mutual information for two different channel models versus measured
mutual information. The dashed line corresponds to the points of no modeling
error.
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Fig.3. BER mismatch at a target SNR of 20 dB against the Nakagami m -factor
of the dominant eigenmode.

and the Weichselberger models require respectively M? + N? = 128
and MN + M(M — 1) + N(N — 1) = 176 real parameters to be
specified, the complexity order of our scheme is equal to that of the full
correlation model, i.e., (M N)? = 4096. This implies that for practical
systems of interest the complexity increase is modest; further, in terms
of processing time an increase of 45% was observed on a 3.2 GHz Pen-
tium, making the model rather appealing when an enhanced accuracy
is desired.

VI. CONCLUSION

In this letter, a stochastic channel model has been presented with a
view to the decomposition of the spatial correlation matrix. The Nak-
agami-m fading approach yields a satisfactory performance since in
the majority of measured locations the presence of strong obstructed
LoS components violates the common assumption of Rayleigh fading
conditions. It is shown that the proposed model outperforms the so-
phisticated Weichselberger model in terms of both information theory
(mutual information) and link-level performance (BER). The scheme
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can be regarded as a framework for describing different channels oper-
ating at the 5 GHz frequency band, e.g., Wireless Local Area Networks
(WLANS), fixed wireless and peer-to-peer communications. It can also
be used as a tractable tool for the simulation of MIMO systems, design
of space-time codes and construction of spatial filtering at both ends.
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