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Abstract: Multiple-input multiple-output (MIMO) scheme is an important tool to achieve a high data rate
communication and higher signal to noise ratio (SNR). In order to facilitate the communication system design,
understanding and modeling the channel is crucial. Different approaches are available for modeling the MIMO
channel based on the required utilization that range between physical and analytical approaches. In the case of
analytical modeling, correlative-based modeling approach is common. Several papers illustrating this technique are
available. In the case of ultra-wideband (UWB)-MIMO channel correlative modeling, few papers are available. This
paper presents a brief elaboration on the correlative-based modeling, reviewing the most common available models
and explains the practical way of implementing such modeling method. In addition, the case of modeling MIMO-
UWB channel is presented where proposed methods are explained.
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1. Introduction

The radio communication channel is
expressed as a linear operator that interacts with the
transmitted signal and produce the received signal.
The relation between the transmitter (Tx), receiver
(Rx), and the channel is represented as [1, 2]

y=Hx (1)
where y is the received signal, x is the transmitted
signal, and H is the channel operator.

In the case of a multiple-input multiple-
output (MIMO) channel, the channel operator is
comprised of channel elements that describe the
channel behavior between each pair of antennas.
Consequently, the MIMO channel operator is
represented as a channel matrix that contains all
channel elements. For example, for 2 x2 MIMO
communication, the channel matrix is written as

H - hll hl2 @)
h21 hzz
where H represents a MIMO channel matrix,
hyhyyshy s hy,  represents  channel  elements

regarding a signal transmission between Rx! and
Tx1, Rx1 and Tx2, Rx2 and Tx1, and Rx2 and Tx2,
respectively.

In MIMO communication, the chosen way
to exploit spatial diversity, the spatial multiplexing
possibility and the beamforming gain feasibility to
achieve are all depend on the spatial structure of the
MIMO channel (matrix or tensor) elements [3].
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Therefore, the statistical description of the MIMO
channel should express the spatial structure.

Full characterization of the performance of
multiple-input multiple-output (MIMO) systems is
facilitated by accurate channel models that capture
the spatial behavior of true MIMO channels [4].
These channel models should give an approximated
performance of the real channel that can be extracted
through channel measurements.

To model the MIMO channel, analytical
channel modeling can be used based on the
correlation between the channel elements. The
synthesis equation of the channel can be found later,
and it should approximate the real channel behavior.
In this paper, we are going to explain the method of
modeling the MIMO channel based on the analytical
approach and specifically based on the correlation-
based approach.

The contribution of this paper is illustrated
as follows. The paper reviews the correlation-based
analytical channel modeling approach in modeling
the MIMO channel. A review of previous models is
included. Important issues with this approach such as
the number of parameters and the methods of
validation are shown. Furthermore, the proposed
method of using this approach in modeling MIMO-
UWRB channel is illustrated.

The paper is organized as follows. Section 2
explains the analytical and physical MIMO modeling.
Section 3, contains an illustration of the notation of
symbols used in the paper. A review of correlative-
based MIMO models is available in Section 4. The
calculations of model complexity in terms of the
number of required parameters are shown in Section
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5, while metrics of model validation are available in
Section 6. Section 7 illustrates MIMO-UWB
modeling. Finally, the paper is concluded in Section
8.

2. Analytical vs.
Modeling

Physical modeling characterizes the MIMO
propagation channel based on the electromagnetic
propagation of the signal from the transmitter (Tx)
array to the receiver (Rx) array. The propagation
parameters can be the angle of arrival (AoA), angle
of departure (AoD), and the delay. In addition,
antenna polarization can be added [5]. Usually,
physical models are independent of antenna
configuration, such as, mutual coupling and antenna
pattern.

Analytical Modeling characterizes the
channel response in an analytical or mathematical
way in contrast to the wave propagation in the
physical modeling. All the individual channel
impulse response elements are summed into a
channel matrix that quantifies the response of the
MIMO system [5]. Analytical modeling ignores the
physical proprieties of the scatterers in the
environment and focuses on the correlation of the
spatial channel coefficients [3]. In this type of
channel modeling, the channel synthesis equation is
found based on the full correlation matrix. Later
approaches focused on using one-sided correlation
matrices that leads to decrease the number of
parameters in the models and hence decrease
complexity.

It is good to understand the channel from
two perspectives: the physical and the analytical
views. Each type of modeling, based on the
mentioned views, has its own advantage and
utilization in terms of its application in the
communication system. Understanding the physical
side of the channel is important for the development
of new communication systems, while the analytical
side can be useful for the design of signal processing
algorithms[3].

Increasing the correlation leads to a
reduction in the MIMO channel capacity. The high
correlation between MIMO channel elements reduces
the channel rank. In this case, a MIMO channel with
full correlated elements can be approximated to be
just a one SISO channel in the case of perfect
correlated channel [6]. Therefore, large capacity can
be obtained through the decorrelation of MIMO
channel elements [7]. Consequently, creating parallel
sub-channels is achieved based on that. Therefore,
the importance of the correlation between the antenna
channel elements shows the importance of the
correlation-based analytical MIMO modeling.

Physical MIMO Channel
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3. Notations
In this paper, we will use vec(-) to vectorize
the matrix or tensor by stacking their column one

after the other. The subscripts of ,OH , and o
represent the matrix transpose, the conjugate
transpose (Hermitian) of a matrix, and the complex
conjugate respectively. [J is the matrix element wise
product , while®is the Kronecker product. Scalars
are denoted by lowercase letters, vectors by bold
lowercase letters, matrices by bold uppercase letters,
and third-order tensors by calligraphic letters.

4. Review of MIMO correlation-based channel
models

In the MIMO system which employs
multiple antennas at the transmitter and/or receiver
side, the correlation between the transmitting and
receiving antennas is an important aspect of MIMO
channels [8]. This section reviews the MIMO channel
models that have been modeled based on the
correlation-based channel modeling.

In the case of modeling the MIMO channel
based on the channel spatial correlation, full
correlation matrix need to be extracted based on
channel measurements. Full correlation matrix
represents the correlation between all measured
channel elements. Then the synthesis channel can be
found by [9]

_ pl2

hvynthesis - h gh (3)
where hsynthesis is the synthesis channel vector
(modeled channel), g, is the full correlation matrix

of the channel vector, g, represents an independent

and identically distributed (IID) complex Gaussian
random variable.

For a narrowband MIMO channel (3) is
modified to

H

synthesis

where H

synthesis

= unvec(R’g,)

4)
is the narrowband synthesis MIMO

channel matrix

The simplest analytical MIMO channel
model is the IID model. In this model, it is assumed
that all the channel elements in the MIMO channel
matrix are uncorrelated (i.e., they are IID) [5]. Based
on that, higher and unpractical values of capacity are
resulted due to neglecting the correlation values.

The Kronecker model [10], models the
MIMO correlation channel matrix as the Kronecker
product of the spatial correlation matrices at the
transmitter and the receiver. In this model, the joint
spatial structure is neglected. So, no coupling
between transmit and receive sides is considered.
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One sided correlation matrices at Tx and Rx are
generated based on measured channel, and the
Kronecker model between these matrices is used. The
Correlation matrix resulting from the Kronecker
product is written as

R

Kron

where R

Kron

=R, QR;, ®)
is the Kronecker correlation matrix,
R, is the transmit one-sided correlation matrix, and

R, is the receive one-sided correlation matrix

The Kronecker model adopts the
independence between the scatterers around the
transmitter and the one around the receiver. The
model synthesis equation is

HKron = R;?fG(R]l",{cz)l/z (6)
where Hy,,, is the synthesis channel resulted from

the Kronecker model.

Weichselberger model [11] has been
developed for the MIMO narrowband communication
channels. In this model, the average coupling
between the eigenmodes of two link ends is used to
model the correlation properties in the MIMO
channel. The parameters of this model are the
eigenbases (eigenmodes) of the transmission and
reception correlation matrices and the coupling
between the direction of arrival (DoA) and the
direction of departure (DoD). This model assumes
the channel stationarity, and it is developed for
narrowband MIMO channels. The Weichselberger
model synthesis equation is defined as:

H =U,.(QU G)U,, )

where Uy, and Uy, are the eigenmodes of transmit

Weichselberger

and receive correlation matrices. €9 is the element
wise square root of power coupling matrix € .

In [12], a wideband MIMO channel tensor is
defined. It is a three dimensions tensor. The third
dimension that has been added to the channel matrix
is the delay. Here, each channel element has different
delayed versions. As the bandwidth of the signal
increases the number of delay taps can be increased
also. The third order wideband channel tensor is
expressed as:

H c D MRXXMTX'XD

where M,

®)

is the number of receiving antennae,

is the number of transmit antennae, and D is the
number of delay taps. This model assumes the
stationarity of the MIMO channel. The channel
synthesis equation is expressed as
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struct w ’;7% Rx 2 UTx ?3 UDel (9)
where U, , U, and U, are the eigenmodes for the

transmit, and
respectively.

A correlation tensor model developed for
time-variant frequency selective MIMO channels is
proposed in [13]. It focuses on the space and
frequency  dimensions. Temporal  block-wise
stationarity has been assumed. In this model, the

channel is represented as a fourth order tensor.

receive, delay  eigenmodes,

HeMyxM; xN, xN, (10)
where N ; represents the frequency samples and N,

represents the time samples.

The authors proposed that for each channel
response there are different frequency and time
samples. Frequency samples reflect the frequency
selectivity of the wideband channel, and the time
sampling represents the time varying channel where
each channel response changes with time.

5. Evaluation of model complexity

The Number of parameters needed in a
channel model is an important aspect. The channel
model should not be so complex with a huge number
of parameters. On the other hand, enhancing the
model accuracy can be done through increasing the
number of required parameters. Therefore, a tradeoff
should be taken in regard between the number of the
parameters and the model accuracy in order to
approximate the real channel behavior without
turning the model into a complex state. Table 1
shows the number of parameters in some of the
mentioned models compared to the case of using the
full correlation matrix.

Table 1: Required parameters in some specific
models for 2° 2MIMO system

Modeling method Number of parameters
Full Correlation 16
approach (Narrowband)
Kronecker 8
Weichselberger 8
Structured 20

As it can be seen in Table I, in the case of
the Kronecker model, the number of parameters

needed in the model is M3 + Mm% , while it is

(074 RXMTX)2 when the full correlation matrix in (4) is

used. In order to understand how these numbers are
obtained, Let a system of 2" 2 MIMO is assumed. In
the case of using the Kronecker model, (6) will be
used. The number of parameters in each one sided
correlation matrix is 4. Therefore, two of one sided
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correlation matrices will lead into 8 parameters in the
Kronecker model. This number represents the
equation M2 + M2 for 222 MIMO. The result

shows that when the channel is calculated based on
the Kronecker model, half of the required parameters
are needed in comparison to the full correlation
matrix approach. This number of parameters
increases sharply as the number of antennas
increases, leading to more complex system.
Consequently, one sided correlation matrix approach
shows good choice to overcome growing complexity
with the number of antennas, and that’s why it has
been used in all succeeded models.

In the case of using 4x4 antennas, the
complexity of Weichselberger and structured will be
increased sharper than the Kronecker. For example,
for 4x4 the number of parameters needed in the
Weichselberger model is 40, while it is 32 in the case
of the Kronecker model. However, it is noted that,
the accuracy of the model can be more important than
complexity, such as in the case of the Weichselberger
model that provides more spatial structure accuracy
compared to the Kronecker model.

6. Metrics of Model validation

Any developed channel model needs to be
validated through comparing its results with the real
channel measurements. Model parameters are
extracted from measured channels. Then the channel
synthesis equation is generated. Finally, metrics
obtained based on the channel measurements are
compared with the one resulted from the modeled
channel [14].

Several metrics are used to evaluate the
channel model. As illustrated in [14], it is more
advantageous to have a single metric that can show
the whole goodness of a particular MIMO channel
model for wvalidation purposes. However, one
parameter cannot reflect the whole of the channel
properties. Therefore, there are some metrics that can
be used to validate MIMO channel models. Some of
these metrics are: capacity or mutual information,
correlation matrices and diversity measure.

7. MIMO-UWB modeling using the correlative-
based approach

In addition to increasing channel capacity; in
terms of ultra-wideband (UWB) communication;
using MIMO can also lead to an increase in the
transmission range [ 15, 16]. This gives many benefits
for UWB communication and assists in competing
with other wireless technologies that offer less data
rate but longer transmission ranges. Therefore,
channel modeling for MIMO-UWRB is crucial for this

purpose.

In order to model the MIMO-UWB channel,
the frequency selectivity of this channel should be
taken in regard. In this case, each channel can be
represented with many delay taps as in the case of
wideband channels such as the structured model.
However, the number of delay taps in UWB channel
is much more.

In [17], a MIMO-UWB channel model has
been developed. The channel has been represented as
a three order tensor as

H (UWB) i £ M Mg, F (11)

where F is the number of frequency components in a
channel vector.

It can be seen that the UWB channel has
been represented in terms of its frequency
dependency. The synthesis equation in this model is
written as

HIf]= Ry, G R/ (12)
where HJ[f] is the channel matrix at a specific

frequency component, and G is a matrix with IID
complex Gaussian entries.

The model follows the Kronecker approach
of having independence between transmit and receive
correlation matrices, i.e., no coupling between
transmit and receive sides.

It is noted that the modeling approaches in
MIMO-UWB case focused on the indoor
environment. In the case of outdoor environment, the
UWRB channel is sparse. Therefore, there is a need for
modeling MIMO-UWB channel with taking the
sparsity issue in consideration. This assists in the
development of more practical models for outdoor
environment.

Based on the previous analysis, in order to
model a MIMO-UWB channel for outdoor or any
sparse case. Several steps are proposed:

1. The UWB channel snapshot can be seen as a
row of a number of impulse responses based on
delay component H/d] where d1 {LL ,D}and D
is the maximum number of delay taps (delayed
component of the channel)

2. Based on the measured campaign conducted in
[18], channel sparsity is observed. For example,
in a particular channel snapshot H [d] where D
= 1632, the number of non-zero elements is
about 30 only.

3. The coupling between Tx and Rx sides need to
be addressed as it has been wused in
Weichselberger and the structured model. This
will provide an accurate spatial structure of a
particular environment.
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8. Conclusion

In this paper, correlation-based analytical

modeling approach used in modeling MIMO channel
has been illustrated. Several common models have
been reviewed. In addition, the complexity and
methods of validation has been elaborated. Steps to
be used in modeling the MIMO-UWB channel has
been proposed where the channel is represented as a
third order tensor. The sparsity of the channel and
coupling between Tx and Rx sides are also included.
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