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A new physical explanation is introduced to clarify the MIMO
concept. Instead of using the capacity theorem, the constellation
diagrams are drawn for each (cluster of) signal(s) at an antenna
element. The MIMO concept is studied by varying the length of
a radio channel modulo the carrier wavelength, which results in
a relative phase shift at the receive antenna. The constellation
diagram of the signal at the receive antenna element shows then a
graphical indication of the performance of MIMO.

A MIMO simulator is developed to perform simulations with a
statistical broadband MIMO channel model for an indoor envi
ronment. This model is based on the general adopted correlation
model. During the broadband MIMO simulations, it is assumed
that the receiver does not have a perfect knowledge of the radio
channel. Hence, the length of the training sequence is limited to
a realistic figure of 10% of the total data capacity. Further, it is
assumed that a SISO system transfers an equal amount of data
during a certain time interval when compared with a MIMO sys
tem.

From the indicative results, it appears that MIMO is more sensi
ble to channel multipath than SISO. Further, a relative low RMS
delay spread shows a considerable system performance degrada
tion. This behaviour may be explained by the difference in the
number of self interferences. For a 2 bin power delay profile, a
SISO system has to combat with only 1 interferer (the delayed
symbol), whereas a MIMO system has to combat with M -1 inter
ferers.

The impact of correlation on the MIMO performance appears to
be enormously. A spatial power correlation of more than 0.5 is
destructive for proper MIMO operation. The correlation effect
masks the influence of small values of the RMS delay spread.
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1 INTRODUCTION

1.1 General introduction

Wireless services are becoming more popular within these days. Both the number of
services and the number of users are increasing every year. Further, higher data rates
per user are desired to access large multimedia sources like audio and video. The
(r)evolution of the mobile phone is a good example of this. For the Netherlands, first
there was the analogue ATF-system with 315.000 subscriptions. At present, the well
known GSM-system with additional services like SMS has more than 10.000.000 users
in the Netherlands. In the near future, the 3G or UMTS-system (the successor of GSM)
will have data rates of up to 2 Mbit/s e.g. for streaming video applications. The same
examples can be found in wireless computer networking. According to the International
Telecommunication Union (lTV), the number of mobile subscribers will even overtake
the number of fixed subscribers by 2003 [14]. Figure 1 shows this prediction of the lTV.

Telephone subscribers, world (millions;

21000 -r-----------------.-----...

1'500 +----------------+----,;f--~

1'000 +-----------------,,.,,,.!:jI----f

O...........+-+............-t-..........,.~~+__1I_+_+_f__+_+-+~
82 84 86 88 90 @2 @4 @e @S 00 02 04

Figure 1: Worldwide subscribers to fixed and mobile networks [14]

Because of these developments, there is a continuous demand for additional spectrum
resources. However, spectrum resources are limited and therefore its price has increased
enormously within the past years. Recall the revenues of the auction for the spectrum
for the UMTS mobile communication system in Europe. In Great Britain, the telecom
operators paid together more than €38 billion for the UMTS frequencies. Therefore,
study on the improvements on the spectral efficiency of wireless communication systems
remains necessary.
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A method to increase the capacity without enlarging the communication bandwidth is
space diversity or space division multiplex (SDM). For example, SDM is used at GSM
networks, where the same frequency is reused in different areas. This concept is also
known as cellular radio. Another example of SDM is beamforming. Here, on the same site
and on the same frequency several beams are serving different directions. The spectrum
efficiency is even more increased when the beam is capable of following the mobile
station.

Only recent, a third example of SDM became subject of interest. With the help of
antenna arrays at both the transmitter and the receiver, the spatial domain is used to
create independent parallel channels. The theoretical channel capacity then increases
linear with the number of transmit antennas being used. The concept is already known for
several years (see [39]), but it became popular after the publication in 1998 of Foschini's
paper "on limits of wireless communications in a fading environment when using multiple
antennas" [9].

A SDM configuration with multiple antennas at each side of the communication link is
called a multiple-input-multiple-output (MIMO) system. The linear capacity growth of
MIMO can be explained physically when positioning such a system in a rich scattering
environment. It is then very likely that there are several radio paths between the
transmitter and the receiver. These paths are used to create independent data channels.

1.2 Project outline

Brabant Breedband (B4) is a joint university-industry research alliance in broadband
communication technologies. The alliance was initiated in 2000 by the Eindhoven
University of Technology (TV/e), Lucent Technologies and KPN. Together with Agere
Systems, Philips Research joined Task Force 1 (TF1) of B4, which concentrates its
research on the physical layer of broadband wireless networks. The B4 TFI project
'Broadband Radio @ Hand' investigates new technologies for next-generation mobile
communications and wireless local networks.

For the project 'Broadband Radio @ Hand', Philips Research Laboratory in Eindhoven
developed a test-bed for the evaluation of different signal processing algorithms for
broadband MIMO. Both the transmitter and the receiver are mobile usable. The test-bed
consists of dedicated hardware for RF-processing and software for baseband processing.
A description of the test-bed can be found in [5], and is summarized below.

The signals to be transmitted are generated by MATLAB software. After the data is
loaded in the memories of the Digital Analogue Converter (DAC), it is fed into the RF
transmit chains and broadcasted at 5.8 GHz by four antennas. At the receiver side, the
sum of all signals is caught by four antennas. The signals are mixed down to baseband and
fed into the Analogue Digital Converter (ADC). Afterwards, advanced signal processing
is applied to recover the four channels.
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Within the above context, a master thesis project is formulated. First, a simulator has to
be build to analyse the multipath effect on the MIMO system performance. The simulator
should be able to produce the desired results more easily than the test-bed (within a certain
accuracy). The direct necessity of an extensive measurement campaign for each research
topic would then expire. Obviously, the correct functioning of the simulator is primarily
based on the development of a good broadband MIMO channel model.

A second research topic is the extraction of angle of arrival (AOA) information from the
MIMO receiver. The AOA is the direction of arrival of a radio-signal, which is usually
expressed in the number of degrees starting from the direct path. The present methods to
derive the angles of arrival appeared to have some drawbacks. For example, the Fourier
transform method needs a large sized antenna array and the MUltiple SIgnal Classification
(MUSIC) algorithm needs a large number of snapshots to obtain a good resolution [21].
Since a MIMO receiver has some knowledge on the channel impulse response, it might
contain information about the angle of arrival. This information could be useful to write
a new algorithm to measure the angle of arrival.

To be concluded, the main goals for this master thesis are:

1. Literature study about MIMO concepts;

2. Build-up a MIMO simulator (baseband) in MATLAB to

• study the flat fading indoor channel model

• study the frequency selective fading indoor channel model

• perform BER simulations

3. Explore the relation between the radio channel impulse response matrix and the
MIMO receiver filter coefficients to

• derive mathematical expressions

• include the water filling concept

4. Compare the simulations with existing measured data

1.3 Literature survey

MIMO is subject of interest for only a relative short period. Foschini [9] published the
first significant article on MIMO in 1998. This article is considered to be a good start
point for the literature search. Therefore, the main places to find more information are
international research centres, IEEE publications and conference papers. Internal reports
from Philips Research contain also some information on MIMO.
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Foschini [9] emphasis the mathematical aspects of MIMO, which are derived from the
information theory. Since many publications on MIMO are based on this article, a more
physical approach to the MIMO concept could not be found. Therefore, the literature
search was partially concentrated on the classical SISO systems.

The paper of Hashemi [11] gives an extensive overview on the indoor radio propagation
channel. Broadband indoor channel modelling is discussed by Nikookar et al. in [23].
Indoor radio channel measurements at 5.3 GHz and the comparison with channel models
can be found in Zhao [41]. The doctoral thesis of Leijten [19] continues this research
topic for receive diversity based systems. Rappaport [28] provides also some basics on
radio propagation and channel modelling. Results of measurements on the delay spread
of a radio channel at 5 GHz were presented by Nobles [24].

The second objective is to obtain a good broadband MIMO channel model. Several
channel models were found in literature. Stege [34] provides an outdoor model for
the MIMO mobile radio channel. A MIMO broadband indoor radio channel model was
presented by Yu et al in [40]. This model is also confirmed by measurements at 5.2 GHz.
The same model was used and validated by Kermoal [17]. The channel model which is
developed by the 3rd Generation Partnership Project (3GPP) [20] appeared also to be very
useful, since it includes information on the angle of arrival.

Literature on both the angle of arrival (AOA) and the equalizers ofthe MIMO receiver has
to be found to explore a possible relation between these two subjects. Wang [38] presents
some experimental results and a computer simulation on AOA in indoor environments. A
statistical model for AOA based on physical wave propagation is provided by Zwick et
al. in [42]. The master thesis of Mattheijssen [21] discusses the use of antenna pattern
diversity, where AOA plays a fundamental role.

Details on the equalizers of a MIMO receiver are given in Collados [5]. Further,
course material of the Eindhoven University of Technology (the Netherlands) [8] and
the Technical University of Delft (the Netherlands) [36] is consulted.

1.4 Report outline

This report is organized as follow. In Chapter 2, the fundamentals of the MIMO concept
are described. The emphasis will be on obtaining a renewed understanding of MIMO
which is based on a physical approach. Chapter 3 discusses two channel modelling
teChniques, whereafter the frame of the MIMO simulator is introduced.

The subsequent three chapters give an overview of each unit of the simulator. Chapter 4
presents the transmitted signals model. The unit can be seen as a virtual MIMO
transmitter and its output is used to excite the channel model. Both the broadband channel
model and the noise model are described in Chapter 5. This unit simulates the effect of
propagation on the transmitted signals. The output of the channel unit is then decoded
by a virtual MIMO receiver. The details of this signal processing unit can be found in
Chapter 6.
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In Chapter 7, the correct functioning of the simulator is considered. The results of the
simulations with the broadband channel model and the angle of arrival can be found
in Chapter 8. Finally, conclusions are drawn and recommendations are presented in
Chapter 9.

1.5 MATLAB

The simulations, which are described in this report, are performed with MATLAB 1. The
abbreviation MATLAB stands for MATrix LABratory. It is a high-level language for
technical computing. Besides the main program, the add on module 'Communications
Toolbox' is also used. The work is partially carried out with a UNIX operating system
(HP-UX/ll.ll), MATLAB version 6.1.0 and Communication Toolbox version 2.0.1.
For capacity reasons, a second part of this work is carried out on a Windows NT
operating system (version 4.00.1381) with the identical versions for MATLAB and the
Communication Toolbox. Simulation results which have to be compared with each other
are always performed with the same operating system.

1MATLAB is a registered trademark of The Mathworks inc.

@Philips Electronics Nederland BV 2003 5



2 FlTNDAMENTALS OF THE MIMO CONCEPT

A wireless multiple-input-multiple-output (MIMO) communication link is based on the
diversity principle. There are four basic techniques: time diversity, frequency diversity,
code diversity and space diversity [28]. Paragraph 2.1 gives an overview of these
techniques.

The MIMO concept which is based on spatial diversity is discussed in detail in
Paragraph 2.2. In contrary to many publications, a physical approach is chosen here.
Thereafter, limitations of spatial MIMO are presented. Paragraph 2.4 gives the system
capacity formulas, which are derived from the Shannon theory. This Chapter is concluded
with a summary of the discussed topics.

From Paragraph 2.2, a MIMO wireless communication link based on spatial diversity will
be shorted to "MIMO".

2.1 Diversity techniques

A wireless communication link is considered to transmit a bit stream from T X to RX.
Traditionally, the data is first modulated on a carrier with a frequency I = Ie before it
is radiated by the antenna. The transmitted signal Xl propagates then through the radio
channel before it reaches the receive antenna. At the receiver, the signal is demodulated
to recover the transmitted bit stream.

This Paragraph presents four fundamental multiple access schemes to transmit a second,
parallel bit stream X2 via the same link. Subsequently, time diversity, frequency diversity,
code diversity and space diversity are discussed. Other diversity techniques which are
based on these fundamental techniques (e.g. polarization diversity and angle diversity)
will be left aside.

2.1.1 Time diversity

The time-diversity-multiple-access (TDMA) scheme uses the time dimension to multiplex
independent data sources. For 2 bit streams, a TDMA based transmitter alternately sends
bit stream Xl and bit stream X2 to the receiver. Figure 2 illustrates this time diversity
concept.

~_~__h__J
••J-X_2__J 1 Y~2••

Figure 2: Principle of time diversity
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Each bit stream Xi is given a time slot Ti with a certain length tlt. When the transmission
is started at time t = 0, the bit stream Xl is transmitted until time t = tlt. The second bit
stream X2 is transmitted from t = tlt until t = 2tlt, whereafter this process is repeated.
One cycle of time slots (one per source) is called a frame. The received signal y is given
by

(2.1)

where h is the channel impulse response and it is assumed that the channel is not
frequency selective. After synchronization of the frame at the receiver, it is very easy
to split the received signal into the desired bit streams. When the data source has a burst
character, the communication system may also use variable length time slots.

2.1.2 Frequency diversity

The frequency-diversity-multiple-access (FDMA) scheme uses the frequency dimension
to multiplex independent data sources. Each bit stream Xi is given a different carrier
frequency fe. Figure 3 illustrates this frequency diversity concept.

h

Figure 3: Principle of frequency diversity

The first bit stream Xl is modulated on a carrier with frequency II. For the second bit
stream X2, a carrier frequency 12 is used. The modulated signal then goes through a
bandpass filter with a center frequency equal to the carrier frequency. The received signal
y is described by

(2.2)

where H (II), H (h) is the channel impulse response at respectively II and h.

At the receiver, the signal is multiplied by its carrier frequency produced by a coherent
local oscillator. The low-pass filter then removes all but the baseband component.

@Philips Electronics Nederland BY 2003 7



2.1.3 Code diversity

The code-diversity-multiple-access (COMA) scheme uses a code to distinguish the
multiplexed data. Each bit stream is spread in the frequency domain before it is
transmitted. There are two spreading methods: frequency hopping and direct sequence.
The latter is discussed here. Figure 4 illustrates the direct sequence COMA concept.

h

Figure 4: Principle of code diversity

The first bit stream Xl is multiplied with a binary sequence P N I having a pseudorandom
(or pseudonoise) nature. This sequence is called a signature sequence. The clock rate
of the signature sequence is very high compared with the data rate of the bit stream.
The second bit stream X2 is multiplied with a different orthogonal signature P N2 • The
received signal y is described by

(2.3)

At the receiver, only the signal which correlates with the applied signature sequence is
decoded. The other signals are seen as background noise. However, it is important that
all signals arrive at the receiver with the same signal strength to prevent masking of the
desired signal.

2.1.4 Space diversity

The space-diversity-multiple-access (SOMA) scheme uses the space to distinguish the
multiplexed data. The transmitter has an antenna array of which each element radiates a
different signal. However, all signals are modulated on a carrier with the same frequency.
The carrier of Xl is thus fully correlated with the carrier of X2. When the signals propagate
to the receiver via different paths, the receiver should be able to decode each signal.
Figure 5 gives the graphical representation of this SOMA concept.

The received signal YI is described as

(2.4)

where hnm is the channel impulse response between transmit antenna m and receive
antenna n. A scattering environment must ensure that it is likely that hu i- h12 •
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Figure 5: Principle of space diversity

Since the radio channel is a stochastic medium, full knowledge of the channel is necessary
at the receiver to decode the individual signals properly. This knowledge is obtained with
the help of training. The transmitter radiates a data sequence which is also known at the
receiver. The channel impulse response is then estimated though comparison between the
original training sequence and its received copy.

The subsequent paragraphs will discuss the MIMO SDMA concept in detail.

2.2 Physical approach

The capacity enhancement of a MIMO communication link was proven from the
information theory [9]. The same approach is then used by many publications on MIMO.
However, this paragraph discusses the MIMO concept from a more physical point of view
to provide a renewed understanding of MIMO.

A multiple-input-single-output (MISO) system is considered first. It is placed in an empty
room which has an infinite large size. Reflection, diffraction and scattering are thus not
possible. The system has two transmit antennas (M = 2) and one receive antenna (N = I).
The available source power is equally divided among the two transmit antennas and the
data is QPSK modulated. Figure 6 shows the described configuration.

~:
hll

Figure 6: MISO system model

The received signal Yl is given by

(2.5)

where X m is the signal from transmit antenna m, and hnm is the impulse response of
the radio channel between transmit antenna m and receive antenna n. Further, hnm is
normalized at the receiver.

@Philips Electronics Nederland BV 2003 9



There is a minor difference in length between radio path 1 (from transmit antenna 1 to the
receive antenna) and radio path 2 (from transmit antenna 2 to the receive antenna). Hence,
the signal from transmit antenna 2 will have an additional phase shift at the receiver when
compared to the signal from transmit antenna 1. For example, this phase shift is 45° at a
certain carrier frequency f = fe. The ideal MISO channel is then modelled by h l1 = 1
and h l2 = ej'rr/4, where j indicates the imaginary part of a complex number.

The value of the received signal YI is dependent on the state of the transmitted QPSK
symbols. Table I gives an overview of all possible values of YI.

Xl J(f.5

X2 VO.5 J(f.5j -J(f.5 -J(f.5j

YI 1.2+0.5j O.2+0.5j 0.2-0.5j 1.2-0.5j

Xl J(f.5j

X2 J(f.5 J(f.5j -J(f.5 -J(f.5j

YI 0.5+ l.2j -0.5+ 1.2j -0.5+0.2j 0.5+0.2j

Xl -J(f.5

X2 J(f.5 J(f.5j -J(f.5 -J(f.5j

YI -1.2+0.5j -0.2+0.5j -0.2-0.5j -1.2-0.5j

Xl -J(f.5j

X2 J(f.5 J(f.5j -J(f.5 -J(f.5j

YI 0.5-1.2j -0.5-1.2j -O.5-0.2j 0.5-0.2j

Table 1: Received signal values for hu = 1 and h l2 = ejJr
/
4

•

-"

•

•

- -"

•

YI a

• •

• • • •
• •

, I• •
• • • •

• •

10

Figure 7: MISO model constellation diagrams
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Since each combination of Xl, X2 results in a different value of YI, it is possible to decode
Xl and X2. In other words, the space diversity technique converts two individual QPSK
signals into one virtual circular 16QAM signal by using the space dimension. Figure 7
shows the effect of combining two equal constellation diagrams to one new constellation
diagram with the help of the difference between the radio paths.

For the above example, the available source power (Px=l) was divided among the two
transmit antennas (PxI =Px2 =0.5). The resulting 16QAM signal has a power of Pyl = 1.
A multiple-input-multiple-output (MIMO) system uses a second antenna to increase the
capacity further. Figure 8 shows the new configuration.

::~
hn

Figure 8: MIMO system model

::
The received signal Y is given by

Y={ YI = hnXI + hl2 X 2

Y2 = h22 X I + h2l X 2
(2.6)

The extra receive antenna increases both the array gain and the spatial gain. The array
gain will give an additional 3dB signal-to-noise ratio for every doubling of the number of
elements of the receiver antenna array. The spatial gain combats the small scale fading
properties of the radio channel.

The same exercise can be performed for every integer value of M and N to verify other
configurations. Instead of a phase difference between the radio paths, an amplitude
variation may also be used. In practice, both will occur. The subsequent Paragraph will
discuss a condition for correct MIMO operation in practice.

2.3 Spatial diversity condition

The capacity gain of a MIMO system was demonstrated in the previous Paragraph by a
simplified physical model. However, there are some situations where the MIMO capacity
is reduced to the original SISO capacity. These undesired situations formulate a spatial
diversity condition for MIMO.

The model from Paragraph 2.2 is used again with the receive antenna placed on the heart
line ofthe transmit antenna array. The paths between the transmit antennas and the receive
antenna have thus an equal length. Figure 9 shows the new system configuration (c.f.
Figure 6).

@Philips Electronics Nederland BV 2003 11



h ll

Figure 9: MISO system model

YI•

Xl V[5
X2 V[5 V[5j -V[5 -V[5j

YI V2 V[5+V[5j 0 V[5-V[5j

Xl VO.5j
X2 V[5 V[5j -V[5 -V[5j

YI V[5+V[5j V2j -V[5+V[5j 0

Xl -V[5
X2 V[5 V[5j -V[5 -V[5j

YI 0 -V[5+V[5j -V2 -V[5-V[5j

Xl -V[5j
X2 v'O.5 V[5j -V[5 -V[5j

YI V[5-V[5j 0 -V[5-V[5j -V2j

Table 2: Received signal values for h ll = 1 and hl2 = 1

The impulse response of radio path 1 is now equal to the impulse response of radio path 2
(h ll =hl2 =1). The received signal YI is written by (2.5) and Table 2 gives the possible
values of YI'

Since only four unique states can be distinguished at the receiver, the spatial capacity
gain is lost. The transmit diversity remains, however. Figure 10 shows the constellation
diagram. The (0) symbol denotes a corrupted state.

The same theoretical losses are obtained for MIMO when the receive antenna array is
rotated over -900

• Figure 11 illustrates the described configuration (c.f. Figure 8).

The spatial diversity condition is generalized by

hnl =I- hn2 =I- hn3 =I- ... =I- hnM for n = [1 ... N] (2.7)

When this condition is fulfilled, a linear increase of the capacity can be obtained. More
details on the capacity of a MIMO system are given in Paragraph 2.4.
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Xl

Yl

-

~
X2

~- -

.,

0 0

-1 I

0 0

Figure 10: MISO model constellation diagrams

Y2

Figure 11: MIMO system model

The theoretical spatial diversity condition is translated to a practical situation. In a line
of-sight (LOS) case, the transmit antenna array is able to "see" the receive antenna array.
The phase difference at the receiver is then likely to be very small. For example, the
carrier frequency Ie =5.8 GHz (Ae=5,17 cm), the antenna element distance d = !Aand
the distance between the transmitter and the receiver l = 10m. A MISO model is used for
clarity reasons, but the example is also applicable for a MIMO configuration. Figure 12
shows the location of the dimensions.

hu -~2--------

Figure 12: MISO system model

Yl :•

The phase difference at the receiver is only 0.23° (whereas 45° was assumed in the
previous Paragraph). In the presence of noise, the receiver will not be able to notice
this minor difference. A NLOS case is thus preferred for correct MIMO operation. It is
then more likely that the difference in length of the radio paths modulo Ais substantial.
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2.4 Capacity

The current Chapter is intended to study the MIMO concept from a physical point of view.
In literature however, it is common to use the information theory. This Paragraph gives
an overview of the most applicable capacity theorems.

The best noise performance of a digital system operating in a white Gaussian noise
environment is given by Shannon's channel capacity theorem. It shows that every 3 dB
increase of the signal-to-noise ratio will give an extra bit per cycle capacity. Foschini et
al. [9] extended this theorem to MIMO, including MISO and SIMO systems. The upper
bound for the capacity is then given by

(
PT H)CNxM = log2 det IN + M(]'2HH [bits/seclHz] (2.8)

where IN is the NxN identity matrix, PT is the received signal power level, (]'2 is the
received noise power level at each branch, and H is the N xM channel impulse response
matrix. Equation (2.8) is valid for each NxM configuration, provided that the antenna
outputs are combined optimally and the receiver has a perfect knowledge of the channel
impulse response.

Several configurations will be analyzed. First, a traditional communication system is
considered with one transmit antenna and one receive antenna. With IvI = 1 and H=h,
(2.8) evaluates to the well known Shannon capacity formula

[bits/seclHz] (2.9)

Second, classical receive diversity is considered. The receiver uses an antenna array with
N elements to catch the transmitted signal. The channel impulse response matrix H is
written as [hu, h21 , ... hNlf. Equation (2.8) now shows a logarithmical capacity increase
with the number of receive antennas

(
PT 2)CNxl = log2 1 + (]'2 IHI [bits/seclHz] (2.10)

A third configuration is called beamforming. An antenna array of M elements at the
transmitter is used to set up a beam towards the receiver. Since all elements radiate the
same signal, M = 1 and H is given by [hu, hI2 , ... hIM]. Again, the capacity increases
logarithmically as shown by

(
PT 2)CIxM = log2 1 + (]'2 IHI [bits/seclHz] (2.11)

Finally, transmit diversity is considered. Each element of the transmitter antenna array
radiates a different modulated signal. The channel impulse response matrix is equal to the
matrix of beamforming, but M signals are transmitted now.
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(
PT 2)C1xM = log2 1 + M (72 IHI [bits/sec/Hz] (2.12)

The relative power gains of the parallel spatial data streams of MIMO are given by the
eigenvalues >'i of the channel covariance matrix H H H. The quality of these parallel
spatial streams depends on the orthogonality of the radio channels. In order to create k
parallel streams, the matrix H must be at least of rank k. Figure 13 illustrates the meaning
of the eigenvalues for a 2x2 MIMO configuration.

() )

Figure 13: Interpretation of eigenvalues >'i of H HH

Each data channel is visualized by a "pipe", which throughput is given by the eigenvalue.
Since each parallel spatial data stream (pipe) contributes to the total capacity, formula
(2.8) can be rewritten as

(2.13)

The capacity reaches its maximum in the case of strict orthogonal channels, e.g. for a 2x2
configuration

_ [ 1 e
j1r

/
2

]
H - ej1r/2 1 (2.14)

where H HH = I. The eigenvalues of these strict orthogonal channels are >'1 =>'2 = 1.
The capacity increases thus linearly with min (N, M).

2.5 Conclusion

Four fundamental diversity techniques were discussed as an introduction to a multiple
input-multiple-output (MIMO) system. A renewed understanding of the MIMO concept
was provided by using a physical approach. The developed model is based on the
constellation diagrams of the signals at both the transmitting end and the receiving end.
With the help of the model, the spatial diversity condition was formulated for MIMO.
Finally, the upper bound of the capacity of MIMO in the presence of white Gaussian
noise was given.
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3 MIMO SIMlTLATOR

The core of the MIMO simulator is the channel model. The development of the MIMO
simulator is thus strongly dependent on the used modelling technique. This Chapter
discusses the most suitable channel modelling technique for the MIMO simulator. Both
technical and economical aspects will be considered.

Thereafter, a general overview of the simulator is presented. The simulator is executed by
MATLAB software, but the language programming implementation will be omitted here.
Due to its size, the simulator is divided into several units with an autonomous task. These
individual units are discussed in detail in the subsequent chapters.

This Chapter is concluded by summarizing the assumptions and the simplifications which
are made for the simulator.

3.1 Modelling the indoor radio channel

There are two fundamental techniques to model the channel impulse response [35].
The first technique is to describe the physical behaviour of the radio wave. These
deterministic (or site-specific) models are based on the Maxwell coupled differential
equations. Examples of such models are path loss models and ray-tracing.

The second technique is to derive general statistics from measured channel data. The
amplitude and the phase of the combined individual multipath components are modelled
by a certain statistical distribution. The Saleh-Valenzuela model, the Hashemi model and
Keenan-Motley model are examples of such a statistical model [35].

Both approaches have strengths and limitations and will be discussed shortly in this
Paragraph.

3.1.1 Deterministic model

Physical radio wave propagation can be simulated by deterministic models. The Ray
tracing technique is introduced here to give an example of such a deterministic model.
The model combines path losses and geometric optics to follow the wavefront through a
certain environment.

Consider a transmitter T X and a receiver RX which are positioned in an indoor
environment between the two walls a and b. The layout is shown by Figure 14. Only
one physical radio path is drawn. Depending on the material properties of the wall, the
radio wave will be partially passed, reflected and absorbed by the wall. The angle of
reflection is derived in conjunction with the images sa and sb, which are well known
ancillary variables from geometric optics.
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(3.1)

(3.2)

sa•.: yfr-------------------~

b ....

Figure 14: Principle of ray tracing

The execution of a Ray-tracing model includes several stages to be passed. First, an
extensive description of the environment is required. An indoor environment can be
represented by a 2-dimensional floor map, but nowadays 3-dimensional models are often
used.

Each surface is modelled as a multilayer dielectric with transmission and reflection
coefficients. The transmission coefficient t is defined by

Et
t=

Ei

where Et is the transmitted electric field strength and E i is the incident electric field
strength. The reflection coefficient r is defined by

Er
r=-

E i

where Er is the reflected electric field strength. Further, diffraction is included. Scattering
effects at 5 GHz are usually not applicable since the size of the objects is often larger than
5A [29].

After transmission or reflection the wave will have a new amplitude and phase shift. Wave
fronts are generated with the antenna patterns of the transmitter and the receiver taken in
to account. Subsequently, the distance dependent free space loss is calculated for each
radio path.
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The general expression for the received power Pr due to the free space loss is given by
the Friis equation

(3.3)

where Pt is the transmitted power in Watts, Gt ('Pt, ()t), Gr ('PT? ()r) is the gain of the
transmit and receive antenna respectively, A is the wavelength in meters, and r is the
length of the radio path in meters.

Figure 15: Example of the output of a ray-tracing simulator

The total path loss is then computed for each radio path as the product of the free space
loss, the reflection losses, the transmission losses and the antenna radiation patterns.

Figure 15 shows the output of a simulator based on ray-tracing [25]. It is a 2-dimensional
plot of all the radio paths between the transmitter (cross) and the receiver (circle). The
calculation were based on the floor map of an office. Both the LOS paths and the NLOS
paths can be distinguished. The dead ending paths are omitted here.

The average power distribution is given by Figure 16. The plot maps the power
distribution on the floor layout. The transmitted power was set to 27 dBm (~ O.5W).

A deterministic model may thus provide detailed information on the radio propagation
in a certain environment. This information includes angle of departure and angle of
arrival. However, deterministic models require an extensive description of the layout
of the environment. The accuracy of the model is highly dependent on the quality of
environment representation. Further, obtaining a deterministic model from a third party
or developing such a model is rather expensive. Last, the complex simulations will cost a
lot of computation time.
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• > -20dBm

-20 dBm to -40 dBm

-40 dBm to -60 dBm

-60 dBm to -80 dBm

-80 dBm to -100 dBm

• < -100 dBm

Figure 16: Example of the output of a ray-tracing simulator

3.1.2 Statistical model

Link level simulations are usually based on a statistical channel model. These models
simulate a cluster of physical radio paths. The theoretical radio channel impulse response
hch (t) is the complex sum of all impulse responses of the radio paths between the
transmitter and the receiver

N

h ch = L hithpath

i=l

(3.4)

where hithpath is the impulse response of an individual physical radio path i and N is the
number of physical radio paths between the transmitter and the receiver. The summation
is usually carried out during a certain time interval, e.g. the symbol time Ts •

The complex channel impulse response consists of an instantaneous channel amplitude a
and the instantaneous channel phase cpo These two variables can be measured directly at
the antenna of the receiver. A measurement campaign has to be carried out to obtain a
large number of channel impulse responses for a certain environment. With the help of
the samples of a and cp, the statistical channel model can be build as described below.

First, the cumulative distribution function (CDF) is extracted from the measured channel
impulse responses. Figure 17 gives an example of the CDF ofthe channel amplitude [15].
The CDF is denoted by the cross-signs. The measurements were carried out at 1.8 GHz
with a 600 MHz bandwidth in an indoor environment.
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Figure 17: Principle of statistical modelling [15]

The next step is to find a statistical distribution which matches the CDF of the measured
data. The theoretical CDF of the Rayleigh distribution is shown by a solid line in the
left plot. Equivalently, the CDF of Nakagami-m distribution with m = 7.123 is plotted
in the right curve. The latter gives the best approximation of the measured curve. For
the given example, the channel amplitude can thus be modelled by the Nakagami-m
statistical distribution. The same exercise has to be performed for the phase to complete
this narrowband channel model.

Kattman et al. [15] uses the least mean square error criterion to evaluate the quality of the
CDF matching. The mean square error e2 is defined by

N

2 1 L ( )2e = - x· - x·N tactual tdesired

i=l

(3.5)

where xiactual is the CDF sample of the measured data, Xidesired is the theoretical CDF
sample and N is the number of intervals. An error value e2 < 0.5 . 10-3 can be classified
as an extremely good fit.

In general, only a small set of statistical distributions is used when selecting the best
approximation for the flat fading channel amplitude distribution. These are the Rayleigh,
the Ricean, and the Nakagami-m distribution. The m-parameter of the latter is used to
cover a wide range of distribution types, including the Rayleigh fading and the Ricean
fading. Table 3 gives an overview of the application areas.

Rayleigh indoor, non line of sight (NLOS)
Ricean indoor, line of sight (LOS)
Nakagami-m variable fading type

Table 3: Application areas of statistical distributions for channel amplitude
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The channel phase appears to be uniform distributed for all cases [15].

An extension of the statistical model is the inclusion of frequency selective fading. In
this case, the time of arrival of some physical radio paths extends the symbol time. The
general expression for the impulse response of a frequency selective radio channel hwch

is given by

L

hwch (t, T) = L hch (t) al6(t - iT)

1=1

(3.6)

where al is the amplitude of a bin, L is the number of bins and T is the time interval
between the bins.

The shape of measured power delay profile can be modelled by the probability density
function of a statistical distribution. Table 4 shows the most used functions for an indoor
environment.

indoor, office I home
indoor, factory

Table 4: Application areas of statistical distribution for channel power delay profile

To be concluded, a statistical model is thus easy to implement. However, some important
information on the physical radio paths is lost due to simplifications. The radio channel
is a theoretical approximation of physical effects. Therefore, a statistical model is more
appropriate for link level simulations rather than research on physical propagation.

3.2 Overview of the simulator

From the previous paragraph, it is concluded that a deterministic model for MIMO is not
feasible for this project. It appears to be too expensive as for time and finances. Therefore,
a statistical model is chosen to study the broadband MIMO radio channel.

A MIMO communication system with M transmit antennas and N receive antennas is
considered. Given the limitations of a statistical channel model, the primary task of the
MIMO simulator is to provide an accurate approximation of the received signal vector Y

(3.7)

where Yn is the electrical complex signal envelope at receive antenna nand [. ]T denotes
a matrix transpose.
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The received signal vector Y is modelled as

Yl h U X I + h 12 X 2 + + h 1MXM + 0"1

Y2 h 21 X l + h 22 X 2 + + h 2MXM + 0"2
(3.8)

YN h N1 X l + h N2 X 2 + ... + hNMXM + O"N

where hnm is the complex impulse response of the radio channel between transmit
antenna m and receive antenna n, X m is the complex transmitted signal envelope which
is radiated via antenna m and O"n is the complex noise envelope at receive antenna n.
All the physical radio paths between each antenna combination are thus clustered to one
theoretical channel, which results in MxN channels between the MIMO transmitter and
the MIMO receiver.

The model of Yu et al. [40] was selected from the results of the literature survey (§ 1.3) to
be the most suitable channel model for the MIMO simulator. This statistical model allows
wideband simulations and the validation measurements were carried out at 5.2 GHz. The
5.2 GHz frequency is very close to the 5.8 GHz carrier frequency of the Philips test-bed.
Further, the model is based on the correlation model. The correlation model is a statistical
channel model for MIMO to simulate small scale fading and is widely accepted by now.

From (3.8), it appears that three different units have to be developed to simulate the
received MIM0 signals . These units have to provide the transmitted signal vector X, the
radio channel matrix H and the noise vector 0". Further, an additional signal processing
unit is necessary to analyse the received signal vector Y. Figure 18 gives a schematic
overview of the simulator.

8 m
I-------------~
I
I
I
I

data
analysis

I

8 mf-o- - - - - - - - - - - - - I

I
I
I
I

transmitted I I Isignals f-----0------o.+EDf7---. signal
model r r processmg

channel
model

noise
model

Figure 18: MIMO simulator overview

The performance of the MIMO system is then evaluated by comparison of the transmitted
bit stream 8 m and the received bit stream 8~.

The modelling of the transmitted signal vector X is discussed in the next Chapter. The
channel model H and the noise vector N is handled separately in Chapter 5, whereas the
signal processing unit is discussed in Chapter 6.
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3.3 Conclusion

A deterministic model is considered to be too expensive as for time and finances.
Therefore, a statistical channel model was chosen to be the most suitable to study
broadband MIMO. It simulates the electrical signals at the receive antenna. Unfortunately,
physical information of individual radio paths is lost.

Three models are used by the simulator: a transmitted signals model, a broadband channel
model and a model for noise. All models are suitable for each N xM combination.
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4 TRANSMITTED SIGNALS MODEL

For the simulation of the transmitted signals, a special model is developed. The output
is used to excite the channel model. Since it is assumed that the spectrum shift from
baseband to a certain carrier frequency introduces no additional artefacts, all signals are
modelled at baseband level.

The transmitted signals model is made very extensive in order to obtain a large number
of degrees of freedom. Successively, this Chapter discusses the frame construction, the
modulation process and the optional pulse shaping. These operations are carried out for
each transmit antenna.

A schematic overview of the model and its parameters can be found in Annex A. The
model is implemented in MATLAB.

4.1 Frame structure

The assembling of the frames is done at the data link layer of the OSI-model. The frames
have a fixed length and its structure is broadcasted periodically. The length of a frame
is based on the radio channel coherence time. Within one frame time, the channel is
supposed to be invariant. As clarified by Figure 19, a frame consists of three blocks: the
guard interval, the training sequence and the user data. In the next Subparagraphs, each
of these blocks are described in detail.

:. length:::; channel coherence time ----------'::

I-----'=-!_g_u_ar_d_-'-----__tr_ai_n_in--=g'----- u_s_e_r 1 ! guard

Figure 19: frame lay-out

Every antenna of the MIMO transmitter broadcasts its own frame, which results in M
frames being broadcasted simultaneously. The frames are synchronized with each other.
Bell Labs [10] labels this technique V-BLAST (Vertical Bell-labs Layered Space-Time)
to make a distinction with D-BLAST (Diagonal Bell-labs Layered Space-Time).
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Figure 20: BLAST coding scheme

Within D-BLAST, it is supposed that the radio path of each antenna is rather time
invariant. Hence, every frame is cyclically assigned to another antenna to improve the
robustness of the MIMO transmission. Frames are now broadcasted alternately over
channels with a low capacity and channels with a high capacity. Figure 20 shows
graphically the coding scheme of V-BLAST and D-BLAST.

4.1.1 Guard interval

The period in which only null-symbols are transmitted is called the guard interval. A
null-symbol is equal to an unmodulated carrier or even the absence of a carrier. The
guard interval is used to prevent Inter Symbol Interference (lSI) between two frames.
Further, the guard interval can be used by the receiver to make an estimation of the noise
and interference level in the channel. The length of the guard interval must be greater
than the channel delay time plus the filter delay time.

4.1.2 Training

A training or pilot signal, i.e. a known signal at the receiver, is inserted for
synchronization and decoding purposes. This training sequence should be designed
such that it is cyclic linear independent and it has no cross-correlation with the training
sequences broadcasted by the other antennas in the MIMO-array.

The number of training symbols is a compromise between on the one hand the net data
throughput and on the other hand a good decoding capability. It is shown by [12] that the
optimal number of training symbols is equal to the number of transmit antennas at high
SNR values. For Jow SNR, the training length converges to half of the channel coherence
time.

If the training is of sufficient length, a (pseudo) random signal can be used. It is also
possible to design a specific orthogonal code. Table 5 shows some examples of designed
suboptimal training sequences for a 2x2 and a 4x4 MIMO-system. The training codes
are given in the hexadecimal format; each bit represents a BPSK-symbol. The most
significant-bit corresponds with the first symbol of the training sequence.
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OFB5D8F 293BE29 OA7076510 7076510A7 76510A707 510A70765
0391483 251F725 2F9291822 9291822F9 91822F929 822F92918
3785377 OBB9F4B 517A46305 7A4630517 4630517A4 30517A463
3BB287B OB4188B C2D45980C D45980C2D 5980C2D45 80C2D4598
1D2F9DD 21135E1 2D8B8E402 8B8E402D8 8E402D8B8 402D8B8E4
11182D1 21EB221 B6E05238B E05238B6E 5238B6E05 38B6E0523
2FOA6EF 1773E97 59B80A8E5 B80A8E59B OA8E59B80 8E59B80A8
3DD943D 05AOC45 CC876AEBC 876AEBCC8 6AEBCC876 EBCC876AE

Table 5: Eight examples of sub optimal training sequences [1]

For the 2x2 case, the training sequence is designed for a 7 taps broadband radio channel
(see also Paragraph 5.2) and has a length of 26 symbols. The training sequence for the
4x4 MIMO-system is designed for a 5 taps channel and has a length of 32 symbols.

An extensive discussion on this subject can be found in [6]. Recently, it has been
established in [7] that the channel capacity increases if the pilot symbols are placed
optimally.

4.1.3 User data

The user data stream to be transmitted is first divided into M sub streams. Obviously, each
sub stream has a 11M data rate (and inherent a 11M bandwidth) compared to the original
data stream. Each sub stream is used to fill the user data field of the frame.

To improve the reliability of the transmission, it is possible to use channel coding. With
this technique, some redundancy is added to the user data to detect or correct errors. Some
well known channel coding techniques are Hamming codes, Reed-Solomon codes and the
Viterbi Algorithm [28].

4.2 Modulation

Prior to transmission, a group of bits is mapped on a symbol to improve either the power
efficiency or the bandwidth efficiency. Power efficiency 'rfp [28] is a measure for the
amount of signal power needed for a certain error probability at the receiver

(4.1)

where Eb is the average received energy per bit and No is the noise power spectral density.
The Eb variable is used here to make a comparison between different modulation schemes
sensible.

26 @Philips Electronics Nederland BV 2003



The bandwidth efficiency 'TIE [28] describes the relationship between the data rate and the
amount of bandwidth necessary

R
'TIE = -

B
(4.2)

(4.3)

where R is the data rate in bits per second and B is the bandwidth in Hertz. Its upper
bound limit is given by Shannon's channel capacity formula [28]

'TIE ~ l092 (1 + ~)

where S /N is the signal-to-noise ratio. Table 6 shows the values for 'TIP and 'TIE for
some common used modulation schemes. From this Table, it is concluded that always
a compromise has to be found between the power efficiency and the bandwidth efficiency.

'TIE (null to null)
'TIP (for BER = 10-6 )

Table 6: Power and bandwidth efficiency for M-ary PSK and QAM [28]

Decoding errors are most likely to occur between two neighbouring points in the
constellation diagram. Therefore, symbol mapping is done by utilizing Gray encoding.
Adjacent integers have Gray code representations that differ in only one bit position. The
constellation diagrams of 8PSK and 16 QAM with Gray-coding are given by Figure 21.
This Figure shows clearly that each point differs by only one bit with its neighbouring
points.

Q ·1000 ·0000

• 010.
·1001 • ·0011 ·0001011 001 101

111 000 I I

• • ·1101 ·111 ·0111 ·0101110 100
101

·0100

Figure 21: Constellation diagram of 8PSK and 16QAM

The BPSK, QPSK, 8PSK, 16QAM and 64QAM modulation schemes are implemented by
now, while other digital modulation schemes can be added easily to the simulator.
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4.3 Pulse shaping

To reduce the bandwidth of the transmitted signal, the rectangular data pulses are passed
through a pulse shaping filter. A serious problem then to overcome is inter symbol
interference (lSI). To minimize the lSI, the pulse shaping filter has to satisfy the Nyquist
criterion

{
K forn = 0

heff (nTs ) = 0 for n =I 0 (4.4)

where Ts is the symbol period, n is an integer and K is a non-zero constant.

The raised cosine roll off filter is the most popular pulse shaping filter being used in
mobile communications. This filter type is easy to implement and it is less sensitive for
sampling errors when compared to an ideal low pass filter [26].

The transfer function is given by

Iwl ~ (1 - ex ) ;,

(1 - ex) ;8 ~ Iwl ~ (1 + ex) ;8
Iwl ~ (1 + ex) ;,

(4.5)

where w is the frequency in rad/s and where ex represents the roll off factor in the interval
[0,1]. The roll off factor determines the shape ofthe transfer function. Its value gives also
the extra amount of occupied bandwidth in comparison with an ideal sinc pulse. Figure 22
shows the transfer function H (I) for ex = 0, 0.5 and 1 (where f = ~). R denotes the
symbol rate, which is the reciprocal value of the symbol time T s •

I-a=a.- a=a.5
I \ <1='

r \

I ,
I \

0.8 I \
I \

I \

I \

I \

_0.8
I

,
~ I \
:I:

I \

0.4 I \

I \

I \

! \

I \

0.2 r \

I \

r \

r \

0
-R -0.7SR -O.SR -O.2SR -0 0.2SR O.SR 0.7SR R

I(Hz)

Figure 22: Transfer function of a raised cosine filter
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The impulse response h (t) of a raised cosine filter is

(

sin ( ;~ )) (cos (~t) )
h (t) = nt 2

T s l_(~t)
(4.6)

The graphical representation is given by Figure 23 for the same three values of a. From
this Figure, it can be seen easily that the cosine roll off filter satisfies the Nyquist criterion.
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Figure 23: Impulse response of a raised cosine filter

The filter is thus a compromise between occupied bandwidth and the amount of inter
symbol interference. The lSI and the timing error will increase with the duration of the
time domain pulse.

The use of the pulse shaping filter in the transmission chain is made optional in the
simulator. When the filter is inserted, a square root implementation of the filter is used
at both the transmitter and the receiver. More details on this topic can be found in
Paragraph 6.1.

4.4 Conclusion

An overview was given of the functional blocks of the transmitted signals model. These
are the frame construction, the modulation and the pulse shaping filter. It was shown that
a MIMO transmitter model differs not much from a SISO transmitter model. Basically, a
MIMO transmitter can be seen as M parallel SISO transmitters.

The model is added to the simulator as a separate unit. Further, this model is developed
such, that it can be extended easily to research other topics of interest. The output of the
unit is used to excite the channel model.
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5 BROADBAND MIMO CHANNEL MODEL

As stated in Paragraph 3.2, the channel model of Yu et al. [40] is selected for the
simulations. It adds the effect of the radio channel to the modelled transmitted signals.
The output of the channel model is fed to the signal processing unit of the simulator.

This Chapter gives an extensive description of the channel model. First, the correlation
model is discussed. Then, the broadband extension is added to the correlation model. The
Chapter is concluded with the inclusion of angle of arrival information and the modelling
of the noise. The emphasis will be on an indoor environment, where the Doppler effect
can be neglected due to the low speed of the mobile terminals and movements in the
surroundings.

A schematic overview of the channel model and its parameters can be found in Annex A.

5.1 Correlation model

The most adopted statistical channel model for indoor MIMO simulations is the
correlation model. It forms also the core of the selected channel model of Yu et al. [40].
The correlation model was presented by Pedersen et al. [27], among others. It combines
the small scale fading characteristics with the spatial correlation aspects of the radio
channel.

The correlation model H (t) is given by

H(t) = R~i .G (t) . [R:}i]T (5.1)

where G (t) is the NxM small scale fading matrix, RTX is the MxM spatial correlation
matrix at the transmitting end, RRX is the NxN s~atial correlation matrix at the receiving
end, (. f denotes a matrix transpose and (. )1 2 is any matrix square root such that

R1
/
2 (R1

/
2

) H = R. Both the fading matrix and the correlation matrices are discussed
in detail below.

5.1.1 Small scale fading matrix

In a scattering environment, a radio signal may propagate via many paths from the
transmitter to the receiver. Waves are not only reflected by objects but can also (partially)
travel through an object, depending on the object's material. Due to the different path
lengths, the various signals will have a relative modulo Aphase shift at the receive antenna.
Hence, the resulting signal envelope may be enhanced or cancelled out. Figure 24 shows
an example of indoor multipath propagation.
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Figure 24: Multipath propagation in an indoor environment

The small scale fading matrix G clusters all physical radio paths from transmit antenna m
to receive antenna n. Such a cluster of radio paths is called a radio channel. The dimension
ofthe fading matrix is thus NxM, representing N M channel impulse responses. The time
interval for the clustering process has a length which is equal to the symbol time Ts • When
all the signals within a cluster arrive within Ts , the radio channel is a flat fading channel.

The flat fading channel impulse response 9r (t) is defined as

9r (t) = A (t) ejO(t) (5.2)

where A is the real envelope amplification and () represents a relative phase shift. Further,
the radio channel impulse response is normalized at the receive antenna to cancel out the
irrelevant distance dependency

(
P ) 1/2

9(t) = p,RX
n

. 9r(t)
TXm

(5.3)

where 9 (t) is the normalized channel impulse response, PT X m is the average signal power
transmitted by antenna m, PRXn is the average signal power received by antenna n and
9r (t) is the real channel impulse response.

The normalized flat fading channel impulse response matrix G (t) then becomes

G (t) =

9u (t)
921 (t)

912 (t)
922 (t)

91M (t)
92M (t)

(5.4)

9N1 (t) 9N2 (t)
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For indoor NLOS MIMO communication above 2 GHz, measurements have shown that
the CDF of the absolute channel impulse response Ignm (t) Ican be well approximated by
the Rayleigh distribution [37], [40]. The relative phase shift arg (gnm (t)) appears to be
uniformly distributed. For example, Figure 25 illustrates the curve fitting for a 4x4 MIMO
configuration operating at 2.45 GHz.

The elements of the small scale fading matrix of the correlation model are based on
Rayleigh fading, which implies a Rayleigh distribution for Ignm (t)1 and a uniform
distribution for arg (gnm (t)). Details of the Rayleigh fading are given below.
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Figure 25: PDF curve fitting of 4x4 G matrix elements at 2.45 GHz [37]

Since the Nakagami-m distribution is more powerful to approximate the statistical
properties of a radio channel, this distribution is also discussed below. However, it
should be noticed that the usage of the Nakagami-m distribution in conjunction with the
correlation model is not confirmed yet.

5.1.2 Rayleigh fading

The Rayleigh fading assumes that Ig (t)1 is Rayleigh distributed and that arg (g (t)) has a
uniform distribution. The PDF f (x) of the Rayleigh distribution is given by

(5.5)

where (j2 is the average received power before envelope detection. The probability density
function of both the amplitude A and the phase () of Rayleigh fading are also shown by
Figure 26.

Since a Rayleigh distribution is actually a X (2) distribution, samples can be generated
easily from a Gaussian source as clarified below.

32 @Philips Electronics Nederland BV 2003



\
\",

0.5 1.5 2.5 35

Ig~1

o.s7r 1.S1r 21l"

Figure 26: PDF of Ignm (t) I and arg (gnm (t))

The X (n) distribution is defined as

X (n) = JX2~n) (5.6)

where X2 (n) is the chi-square distribution and n denotes the number of degrees of
freedom. The X2 (n) distribution is derived from standard normal distributed variables
following

2() 2 2 2X n = Xl + X 2 + ... + X n

with Xi is standard normal distributed. The standard normal distribution is given by

Xi rv N (/1 = 0, (J = 1)

(5.7)

(5.8)

where N 2 denotes the Normal (or: Gaussian) distribution, /1 is the mean value and (J is
the standard deviation.

Besides the Rayleigh distribution for the absolute channel impulse response, a Rayleigh
fading generator should also create the random phase distribution. Both requirements are
obtained by

gnm rv N (0, 2-~) + j . N (0, T~ ) (5.9)

where j denotes the imaginary part of a complex number. The absolute channel impulse
response Ignml has now the desired Rayleigh or X (2) distribution. Since the real part and
the complex part of (5.9) are generated from independent Gaussian sources, the relative
phase arg (gnm) has automatically a uniform distribution.

2Please note that N is also used for the total number of elements of the receive antenna array
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Figure 27 shows the PDF of Ignml and arg (gnm) for 10000 samples, which are realized
by the Rayleigh fading generator (5.9). Please note that E Ignml 2

= 1 to maintain the
average normalized signal power amplification of the channel equal to one (see also (5.3)).
The mean column sum of the channel matrix G expresses the antenna array gain of the
transmitter, whereas the mean row sum gives the receiver antenna array gain.

The simulator has to generate enough channel realizations to represent the Rayleigh
distribution with a certain level of accuracy. The required number of samples can be
derived from two expressions for the standard error of the mean (J"J1

(5.10)

where ex is the accuracy and J1 is the mean. Further,

(5.11)

where (J" is the standard deviation and N is the number of samples. When combining these
two equations (5.10) and (5.11), a rule of thumb for the necessary number of samples N
is obtained

(5.12)

For an accuracy of ex = 0.01 for example, the Rayleigh fading generator has to realize at
least 3000 samples.
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5.1.3 Nakagami-m fading

The Nakagami-m model is purely based on empirical results instead of physics. The main
benefit of this distribution is that it can model several fading conditions. With the help of
parameter m, these conditions may range from severe fading to no fading. The phase is
assumed to have an uniform distribution in the interval (0, 21f] .

The probability density function (pdf) of the Nakagami-m distribution is given by [22]

2mm x2m- 1 _( mx
2

)

f(x) = r(m)(j2 e ~ (5.13)

where r(m) is the Gamma function and (j2 represents the average received power. The
parameter m is the shape factor and is defined by [22]

(m ~ ~) (5.14)

where x2 is the square of the received signal amplitudes. When m = 0.5, the Nakagami
distribution becomes a one-sided Normal distribution (severe fading). For m = 1, it
equals the Rayleigh distribution and when m ---+ 00 the Nakagami distribution becomes
an impulse (no fading).

The probability density function of both the amplitude A and the phase () are illustrated
by Figure 28. Within this Figure, three arbitrary chosen values of m are shown for the
Nakagami-m distribution.

~
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Figure 28: PDF of Ignml and arg (gnm)

There are several methods to generate Nakagami-m random variables, e.g. the Brute
Force method. However, each method requires either a lot of computation time or has
some large imperfections. For example, the Brute Force method is only capable of
generating Nakagami-m random variables for integer and half-integer values of m.

@Philips Electronics Nederland BV 2003 35



Cheng [2] proposed an efficient procedure for Nakagami-m fading simulation. This
procedure is adopted here. It transforms a Rayleigh distributed random variable into a
random variable having a Nakagami-m distribution with a minimum of computation time.
The conversion can be used for every value of m, both ~ :s: m :s: 1 and m > l.

The transformation is carried out in two steps. First, the cumulative distribution function
(CDF) of a Rayleigh distributed random variable z is obtained via

l
z t 2_ - t 2 j2a2 _ -~Fray (z) - - e ( )dt - 1 - e 2"

o a2

where a2 denotes the second moment of z.

Subsequently, the Nakagami-m CDF which is defined by

r 2 ( m ) m 2m-l _ mt
2

Fnak (x) = Jo r (m) a2 t e ---;;T dt

is set equal to the Rayleigh CDF in order to complete the transformation

(5.15)

(5.16)

(5.17)

The main benefit is now that the statistical correlation properties of the Rayleigh
distributed variables remains preserved.

Equation (5.17) shows that the inverse of the Nakagami-m CDF F;;a~ is required for the
conversion. Cheng [2] has chosen to calculate this inverse CDF by an approximation
method, since a numerical technique would takes too much computation time. This
analytical approximation is based on the inverse Gaussian Q(.) function and is given by

F-1 (u) ~ + al'rJ + a2'rJ
2+ a3'rJ

3

nak 'rJ 1+ b1'rJ+b2'rJ2

where 'rJ is an ancillary variable defined as

(5.18)

(5.19)

The coefficients aI, a2, a3, b1 and b2 in (5.18) are the inverse Nakagami CDF
approximation coefficients. These are numerically determined for several values of the
fading parameter m. Table 7 shows the results of this numerical process. The inverse
Nakagami CDF approximation coefficients for other values of m can be obtained by linear
interpolation.
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0.65 -0.0828 -4.5634 -15.8819 63.1955 23.2981
0.75 -0.0547 -0.3679 -1.0336 6.2107 1.8533
0.85 -0.0336 -0.1543 -0.4733 4.9250 1. 2082
1.5 0.0993 0.0560 0.2565 0.5276 0.0770
2.0 0.1890 -0.0128 0.2808 -0.0809 0.0638
3.0 0.3472 -0.2145 0.2626 -0.6779 0.1690
4.0 0.4846 -0.4231 0.2642 -0.9729 0.2727
5.0 0.6023 -0.6238 0.2789 -1.1798 0.3732
6.0 0.7139 -0.8305 0.3223 -1.3232 0.4558
7.0 0.8167 -1.0244 0.3761 -1.4233 0.5192
8.0 0.9260 -1.2350 0.4557 -1.4872 0.5628
10.0 1.1088 -1.6095 0.6015 -1.6046 0.6488

Table 7: inverse Nakagami CDF approximation coefficients [2]

When compared with other methods, the approximation method requires less computation
time. For example, the approximation method is 18x more efficient than the direct
Nakagami inverse method and it is 6x more efficient than the brute force method
(m=lO) [2]. The performance of the proposed Nakagami transformation satisfies thus
both the expectations on the computation time and absolute error.

5.1.4 Correlation matrices

The limited size of a (portable) MIMO-device has a consequence for the available space
for the antenna array. As a result of this, correlation between the radio channels may exist.
The correlation will have a negative impact on the MIMO capacity (see Paragraph 2.3).

Consider a linear antenna array with N elements and inherent N feeds. Every feed
contains the forwarded wave an and the reflected wave bn . Figure 29 shows a schematical
representation of this antenna array. The used symbols can also be found on a network
analyser.

@Philips Electronics Nederland BV 2003 37



antenna array

........

al b a2 b a!' b

Figure 29: Network representation of an antenna-array with N elements

The relation between the forwarded waves and the reflected waves can now be expressed
by the matrix [33]

(5.20)

where Snn is the reflection coefficient, which is for element 1 defined by

(5.21)

and where Spn (n#p) is the coupling coefficient, which is given by

(5.22)

The condition an = 0 does not only involve the absence of the feeding signal, but also
includes the correct termination of element n.

The total reflected signal of element n is called the active reflection coefficient Rn , and
consists of the reflection coefficient and the coupling coefficient [33]

(5.23)

where eo and cPo describes the mean angle of arrival of the incoming wave. Obviously, a
large value of S12 has a negative impact on R1 • The resulting power loss is 1 - IRn I

2
•

The correlation between radio channel is caused by two effects [30]. First, it is inherent to
the properties of a radio channel. This effect was studied by Clarke [4] and is dependent
on the angular spectrum of the incident wave. A small angular spread will result in a high
spatial correlation. Figure 30 shows the effect of spatial separation d/ A on the spatial
correlation Ps =vp for several values of the angular spreads..6.. The antenna array consists
of two elements. For the left plot, the angle of arrival <I>RX (AOA) is set to 0°, whereas
the AOA is set to 60° for the right plot.
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Figure 30: Correlation between monopoles for <I>RX =0° (left) and <I>RX =60° (right)[34]

The second cause of correlation is the geometrical characteristics of the antenna arrays. A
limited spacing between the antenna elements will influence the (usually omni directional)
radiation pattern. Neighbour elements are then positioned in the near field or Fresnel
region of the considered antenna element. This effect is known as mutual coupling. An
additional problem is the change of impedance of each element.

Besides the element spacing d, the array geometry and antenna types also influence the
correlation. For example, a circular array has a larger coupling than a linear array and
patch antennas are less sensitive to coupling than dipoles.

The correlation effect is captured in the channel model (5. 1) by a so called spatial power
correlation matrix at both the transmitter and the receiver. The MxM correlation matrix
RTX for the antenna array at the transmitter contains the elements Pmlm2. These elements
are defined by [16]

(5.24)

where gnm is the radio channel between transmit-antenna m and receive-antenna n.
Equivalently, the NxN matrix for the antenna array at the receiver RRX contains the
elements Pnln2

(5.25)

Depending on the construction and the position of the transmitter and the receiver, it is
possible to have large differences between P~{m2 and P~~2 for m = n.
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Figure 31: Definition of correlation
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Figure 31 clarifies the definition of correlation between the antenna-elements. Here,
the correlation is shown between the first transmit antenna and the other three transmit
antennas in the array.

For a 4x4 MIMO system, the symmetrical, real correlation matrices are given by

[ P~2
P12 P13 PI4 ]

R TX =
1 P23 P24

P13 P23 1 P34

P14 P24 P34 1

R - [P:'
P12 P13

PI' ]1 P23 P24
RX - 1P13 P23 P34

P14 P24 P34 1

(5.26)

(5.27)

If no correlation exists, the correlation matrix R is equal to the identity matrix. The
elements of these matrices can be found mathematical or by measurements. Several
numerical values for R TX and RRX are presented in literature, e.g. in [16] and [17].

5.2 Wideband extension

Within the symbol time Ts , the small scale multipath behaviour is described by a
statistical distribution function (as discussed earlier in Paragraph 5.1.1). A radio channel
is called flat fading if the total energy of symbol i arrives at the receiver in Ts time.
However, when increasing the bandwidth of a RF-signal, it may extend the radio channel
coherence bandwidth. The radio channel now becomes frequency selective. A delayed,
yet significance part of the energy of symbol i-I arrives at the receiver while also the main
part of symbol i is received. This effect is also known as inter symbol interference (lSI).
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An important parameter to classify the small scale fading properties of a radio channel is
the RMS delay spread (7n which is defined as [28]

(5.28)

where T is the mean excess delay as given by

(5.29)

with Tk is the time of arrival of multipath component k relative to the first detectable
component and where T 2 is defined to be

T2 = "Lk P (Tk) T~
"Lk P (Tk)

(5.30)

In practice, it can be said that a channel is frequency selective if Ts ::; 10(77 [28].

Indoor NLOS measurements at 2, 5 and 17 GHz [24] have given several numerical values
for the RMS delay spread. At 5 GHz, these values range from 8 ns to 36 ns. It was
concluded that walls and metal furniture give a significantly increase of the RMS delay
spread. Further, it was found that the RMS delay spread decreases when the carrier
frequency increases.

For convenience, the normalized RMS delay spread d is also introduced here

(5.31)

In [3], three models are presented for approximating the power delay profile. While the
Gaussian and the two ray model are more appropriate for outdoor scenarios, the one
sided exponential profile is used for an indoor environment. The latter is characterized by
a faster decay.
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(5.32)

The Gaussian profile P gaus (7) is given by

1 1 ( T )2
P gaus (7) = e-"2 <IT

V2ifCJT

where CJT is the RMS delay spread. The equal amplitude two ray profile P 2ray (7) is
defined as

(5.33)

where <5 denotes the Kronecker delta function. The one-sided exponential profile P exp (7)
is given by

( ) _ { ; e-(:J 72:0
Pexp 7 - To 7<0

(5.34)

A graphical representation of the Gaussian and one-sided exponential profile can be found
in figure 32. Here, the time axis is normalized to the symbol time Ts . The normalized
RMS delay spread (5.31) is set to 1 for both profiles.

~ exponential profile
........ Gaussian profile

0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0
Normalized delay

Figure 32: Two modelled power delay profiles
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Yu et al. [40] proposed a wideband MIMO channel model, which is based on the above
reflection. The original correlation model (5.1) is now extended to

L T

L(R~bY/2. Gt· [(~X)1/2] at 6 [T - (l- 1) ~T]
t=1

L

L Hz at 6 [T - (l - 1) ~T]
t=1

(5.35)

where L is the total number of taps, at is the complex tap amplitude, 6 denotes the
Kronecker delta function and ~T gives the time-interval between two taps.

The wideband MIMO channel model (5.35) is implemented by a tapped delay line.
Figure 33 shows the L-bins channel. Each bin has its own (correlated) fading property H t
and is weighted by the decay coefficient at.

}-----0---·0t------------G--_r"'-.t-(!>

Figure 33: Tapped delay line for MIMO

5.3 Angle Of Arrival

In the previous Paragraphs, it is assumed that the MIMO system is placed in a rich
scattering environment. Hence, the mean angle of departure (AOO) at the transmitter
and the mean angle of arrival (AOA) at the receiver is automatically set to 00 and the
angular spread is 3600

• This Paragraph concentrates on MIMO-communication with a
base station, which is placed above the scattering environment.

A base station will receive the signals from a mobile terminal with a smaller angular
spread. This idea is illustrated by Figure 34, which is also known as the one ring model.
The mean AOA is defined as the angle between the broadside of the antenna array and the
impinging field.

Figure 35 shows in detail a plane wave impinging on an antenna array. The array consists
of 4 elements with an interspacing length d. The additional distance the wavefront has to
travel to the nearest right neighbour antenna element is d· sin (0).
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Figure 35: Impinging wave
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The additional distance results in a phase shift of the received signal on the right neighbour
element. This extra phase shift can be modelled by a complex vector a, which is defined
by

. d'a = e-J 27l' >: Slll(8) (5.36)

where d is the distance between the antenna-elements, A is the wavelength of the
impinging wave and e is the angle of arrival in number of degrees. The AOA is valid in
the interval (-180°, 180°). Further, it is assumed that the distance between the transmitter
and the receiver is sufficient to obtain a plane wavefront.

Since the correlations between the antenna elements at both the transmitter and the
receiver are already captured by separate matrices, it now becomes relatively easy to
model the AOD and the AOA [32]. The coefficients of the correlation matrices RTX in
(5.26) and RRX in (5.27) are multiplied with the complex vector a from (5.36).

The new correlation matrix with AOA information becomes

2
P13a

P23a
1

-1
P34a

(5.37)

Instead of antenna 1, the phase reference signal is taken from the radiopath from transmit
antenna m to receive antenna n with m = n.

Unfortunately, the matrix originates a contradiction. On the one hand, the correlation
magnitude should be as low as possible to obtain a high capacity. On the other hand, the
angle of arrival information is only present at high correlation values.

5.4 Noise

Radio communication is subjected to noise. This noise originates from thermal noise
in the communication system and man made noise from electrical equipment. The
noise from other radio transmissions at the same or neighbouring frequencies is called
interference and is not to be considered here.

White Gaussian Noise (WGN) is a well known model for noise in communication
systems. The one sided power spectral density is

(5.38)

where k is Boltzmann's constant (1.38 . 10-23 J/K) and T sys is the receiving system noise
temperature in Kelvin.
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WGN is mathematically described as a zero mean Gaussian distributed random variable
for which the covariance function is a very narrow pulse of area N o/2 and its width is
small relative to other time intervals of interest.

The signal-to-noise ratio is calculated per receive antenna. Since there is no time reference
in the simulator, the transmitted signal has no bandwidth. Hence, the WGN-channel is
created without specification of the channels bandwidth.

5.5 Conclusion

This Chapter provided a more fundamental discussion on the MIMO broadband channel
model. The implementation of the model was chosen such, that it can be used for SISO,
SIMO and MIMO simulations. With the enclosure of the Nakagami-m fading model, the
simulator is capable to handle a wider range of indoor environments.

The complete model now consists of three dimensional matrices which makes the
simulator rather slow. Therefore, special effort was made to exclude certain options for
simulations with a simple channel model.
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6 SIGNAL PROCESSING

This Chapter describes the several stages a signal passes through in the receiver.
Subsequently, the matched filters, the equalizers, and the demodulation process are
discussed. All the signal processing is done at baseband level. Thereby, it is assumed that
the spectrum shift from a carrier frequency to baseband is ideal. A schematic overview of
the receiver and its software parameters can be found in Annex A.

6.1 Matched filter

For an optimum performance in an AWGN-channel, the receive filter is matched to the
transmit filter. In principle, a matched filter correlates the signal with a copy of itself to
minimize the received noise power.

In [8] it is derived that the matched filter impulse response hRX (t) is given by

h (t) = { hTX (to - t) t 2:: 0 .
RX 0 otherwIse

(6.1)

where hTX (t) is the transmit filter response and to is the optimal sample moment. To
obtain an lSI free transmission, the convolution of the transmit filter response with the
receive filter response must result in a Nyquist pulse as discussed in section 4.3,

hnyq (t) hRX (t) 0 hTX (t)
hTX (to - t) 0 hTX (t)

(6.2)

where 0 denotes a convolution operation. Practically, hTX represents the transmitted
signal. The Fourier transform of equation 6.2 for to = 0 is given by

Hnyq (w) HRX (w) HTX (w)
HTX (w) HTX (w)

(6.3)

where H is the Fourier transform of hand * denotes the complex conjugate. Since hnyq

has a symmetric impulse response, a solution for HTX and HRX can be found to be

(6.4)

By using a square root raised cosine filter at the transmitter and at the receiver, both
ISI-minimalization and SNR-maximalization are achieved. The frequency response of an
ideal root raised cosine filter consists of unity gain at low frequencies, the square root
of raised cosine function in the middle, and total attenuation at high frequencies. The
impulse response of such a filter is given by
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(6.5)

cos (7r(HQ)t) + sin(~l
T 4at

h (t) _ 8 T;

- l-(~tr

where 0: is the roll off factor between 0 and 1. Figure 36 shows the impulse response of a
square root raised cosine filter with a roll off factor of 0.5.
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Figure 36: Impulse response of a square root raised cosine filter (0: = 0.5)

There is one matched filter present for each receive-antenna. Further, the signal is not
over sampled before it is fed into the filter.

When the pulse shaping filters are omitted in the simulator, it is still a matter of matched
filtering. The demodulation of data at the receiver is to be seen as an integrate and
dump circuit. The transmitter pulse shape and the receiver pulse shape are then perfectly
matched.

6.2 Equalizer

Equalizers are used in communication receivers to combat the intersymbo] interference
(lSI) created by multipath propagation. The reception of several signals from a MIMO
transmitter at one antenna can also be seen as lSI. Therefore, equalizers can be used for
decoding the MIMO-signals.

Figure 37 shows the implementation of a 2x2 MIMO receiver based on equalizers. For
each bit stream broadcasted, there is an equalizer present at each receive antenna. This
results in a total number of M x N equalizers necessary. The principle of using every
receiver branch to contribute to the received signal is also known as Maximal Ratio
Combining (MRC).

Since the indoor fading channel is random and time varying, adaptive equalizers are
chosen. This concept is provided by figure 38.
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Data2

Figure 37: MIMO-receiver based on equalizers

A known training sequence is broadcasted periodically by the transmitter. The received
copy of this sequence is compared with the original sequence to produce the error signal
ek. The adaptive algorithm then controls each individual weight Wk such, that the error
signal ek is minimized. The weights remains valid for the subsequent user data sent within
the channel coherence time.

W ~F /
/

/

-----------~-------

Figure 38: An adaptive equalizer

The weights Wfk are captured by a vector Wk, which is defined by

adaptive
algorithm

known
trammg

output

(6.6)

The coefficients of the weight matrix can be found by solving the equation

(6.7)

where Xk is a known transmitted signal (i.e. the training sequence) and Yk is the received
signal vector before any signal processing
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T
Yk = [Yk-O Yk-l Yk-2 ... Yk-F] (6.8)

There are several algorithms to solve equation (6.7), e.g. the zero forcing algorithm
(ZF), the least mean square algorithm (LMS) and the recursive least squares algorithm
(RLS) [28]. The ZF and LMS algorithm are discussed and compared below. The latter
will be used by the simulator because of its better performance in a noisy environment.
Both algorithms are presented per equalizer and not for the complete MIMO-receiver.

6.2.1 Zero forcing algorithm

The ZF-algorithm tries to eliminate the intersymbol interference. The weights Wk are
chosen such that the combined response of the channel H ch and the equalizer H eq satisfy
the first criterion of Nyquist (4.4). This is done by minimizing the residual

min IIHX - YII}x
(6.9)

where II .. IIF denotes the Frobenius-norm 3, and H is the channel impulse response.
With the help of a training sequence, there is knowledge of H present at the receiver.
Subsequently, X can be obtained by solving the linear least squares problem (6.9)

X (HHHfl HHy
= Hty

(6.10)

where Ht is called the pseudo inverse. The solution for wf! can then be easily found

T _ Ht
wk,opt - (6.1 1)

which is the well known implementation solution. All interference is cancelled when

(6.12)

where I is the identity matrix. Figure 39 [36] clarifies the actual working of the equalizer
based on zero forcing.

However, the zero forcing algorithm has some disadvantages. The noise output variance
of the zero forcing equalizer is larger than the input, since the noise output depends on
Ht. Further, in the case of intersymbol interference the noise output spectrum is coloured
instead of white. Hence, this algorithm is less suitable for indoor MIMO communication.

3The Frobenius norm of a matrix A is defined by IIAIIF = viI: laij 1
2
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Figure 39: Zero forcing equalizer

6.2.2 Least mean square error algorithm

The LMS-algorithm tries to minimize the mean squared error between the transmitted bit
and the outputted bit decisions

min IIw[Yk - Xk II~x
(6.13)

The error signal ek is now defined as the difference between w[Yk and Xk. When using
w[Yk = y[Wk, equation (6.13) is expanded to

Ie 12 WT Y T 2 X yT W + X 2
kk = k k Yk Wk - k k k (6.14)

The mean square error ~ is given by using a time average, where it is assumed that Wk has
already converged to an optimum

(6.15)

The minimum mean square error is found by setting the gradient of mean square error ~

to zero. First, the gradient of the mean square error is defined by

,,_ a~ _ [a~ a~ a~]T
v - aWk - aWOk aWlk ... aWFk (6.16)

Then, the gradient of ~ is calculated

(6.17)

The optimum weight matrix is followed from \7 = 0

(6.18)
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The principal block scheme of a LMS controlled equalizer is shown by Figure 40 [36].
The equalizer minimizes thus the error between the transmitted and the received signal
rather than producing a good channel estimation. The noise is now of less influence than
with the zero forcing algorithm.

nk : equalizer

H

Figure 40: Least mean square error equalizer

6.2.3 comparison of ZF and LMS

An adaptive antenna array is considered to compare the performance of the zero forcing
algorithm and the least mean square algorithm. The spacing between the antenna elements
is O.SA, whereby it is assumed that both elements have a perfectly omni directional pattern
(i.e. there is no correlation present). After the equalizers are set with an algorithm, the
patterns are plotted by impinging a beam with an angle ranging from 0° to 360°.

90

180 I·'··· ·•···· .. ·····.))JlO •...•.. :.; 1

;[/0

180 ...

90

270

[ - Zero-forcing I
- MMSE

Figure 41: ZF and LMS performance for SNR = 0 dB (left) and SNR = 40 dB (right)

Figure 41 4 shows the results of the simulations. The interfering signals arrive at angles

4Yirginia Tech, Bradley Department of Electrical and Computer Engineering, course 5654
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of 0°, 45°, and 65°. The desired signal is located at 90°. The SNR is 0 dB for the left
pattern plot, while for the right pattern plot the SNR is 40 dB.

The plots shows clearly the difference between the performance of the ZF algorithm and
LMS algorithm in the presence of noise. The zero-forcing algorithm is trying to eliminate
the inter symbol interference, or maximize the signal-to-interference ratio. There are nulls
placed at 0°, 45°, and 65°. The LMS algorithm is trying to minimize the mean squared
error between the transmitted signal and the received signal, which results in a better
performance. Therefore, the MIMO simulations are carried out with an equalizer which
settings are based on the LMS algorithm.

6.3 Demodulation

Due to the noise and interference in the channel and system imperfections, the received
symbols are somewhat corrupted. Therefore, the transformation of the received symbols
to binary data (demodulation) is done by a specific procedure. The simulator uses a
minimum distance demodulator or maximum likelihood detector for this task.

Consider a BPSK constellation diagram with two states 81 and 82. The transmitted signal
is described by 8 m with m E [1,2]. In case of an AWGN-channel, the received signal rt
is given by

r (t) = 8 m (t) + n (t) (6.19)

The minimum distance demodulator computes the distance D of the received signal to the
known states in the constellation diagram

Ir (t) - 8dt)1
Ir (t) - 82 (t)1

(6.20)

The symbol which was the most likely to be transmitted is decided by the minimum
distance. This is captured by the lowest value of D

if D 1 < D 2

if D 2 2: D 1
(6.21)

After the recovery of the symbol, the symbol is converted to plain binary data. The bit
error rate (BER) calculation is done by comparison of the transmitted binary user data
and the received binary user data.

6.4 Conclusion

This Chapter provided an implementation of a MIMO receiver. The multiplexed signals
are separated with the help of N . M equalizers. The coefficients of these equalizers are
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given by the Minimum Mean Square Error (MMSE) solution, since the performance of
the more simple Zero Forcing algorithm in a noisy environment appears to be less.
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7 SIMULATOR VALIDATION

The correct functioning of the used models and the simulator has to be confirmed before
it can be used for further research on MIMO. Since the simulator is also capable to model
a SISO or SIMO system, it is possible to verify its output with known results in literature.
Each paragraph in this section concentrates on the validation of a specific function of the
simulator.

First, a list of the most important simulator parameters with the settings is presented. The
correct functioning of the simulator for each modulation scheme in an AWGN-channel
is confirmed thereafter. This Chapter is concluded with the validation of the Rayleigh
fading channel model and receive diversity.

7.1 Parameter settings

To enhance the transparency of the produced results, the main initial settings of the
simulator are presented here. This makes it easier to reproduce certain results or to make
a sensible comparison with other results.

The settings are chosen on an experimental base or by knowledge of previous obtained
results [5]. This implies that these settings are not optimised, hence they are subject for
further discussion.

User data
Training
Length of guard interval
Number of frames
Pulse shaping
Modulation scheme
Total transmitted power
MMSE Filter order
Number of multipath bins

1000 symbols per frame, random bit pattern
250/100 symbols, random bit pattern
50 symbols, no signal present
2000
Cosine roll off (roll off factor 0.35, over sampling 4x)
QPSK, unless other specified
1, normalized (independent of M)
13
not exceeding 10

A training sequence of length 250 results in a perfect channel estimation. Twenty percent
of the data capacity is then occupied by the training. This length is used during the
simulations to validate the simulator. In the next Chapter however, the broadband MIMO
simulations will be carried out with a more realistic ten percent.

The other internal settings of the simulator are of no relevance here.

7.2 Modulation and Gaussian-channel

The (de)modulation process and the AWGN-channel of the simulator is verified by
determining the error probability for different SNR-values. The results are then compared
with the theoretical BER-curves, which are well documented.
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The theoretical bit error probability Pe of a BPSK or QPSK modulated signal in an AWGN
channel when using coherence detection is given by [28]

P"BPSK = ~ erfe (ni) (7.1)

where ~~ is the ratio of the energy per bit to the noise PSD and erfc denotes the
complementary error function as defined in annex B. In order to make a comparison
of modulation-schemes useful, the BER is expressed in ~~ instead of S N R.

For M-ary QAM modulation, an approximation of the bit error probability Pe is [28]

( 1) (fE;;;;;)Pe,MQAM ~ 2 1 - VM erfc V----;::;: (7.2)

where Emin is the energy of the constellation point with the lowest amplitude and M
denotes the number of states in the constellation diagram. Equation (7.2) will be adopted
for M = 16 and M = 64.
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Figure 42: Validation of BPSK, QPSK, 16QAM and 64QAM modulation
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The bit error probability of a SISO-system is simulated for BPSK, QPSK, 16QAM and
64QAM modulation schemes in an AWGN channel for some fixed EblNo values on the
interval [-20, 40]. Figure 42 shows the output of the simulation and the theoretical BER
curves.

Unfortunately, no theoretical BER-curve for the M-ary PSK modulation scheme could be
found in literature. However, there is an upper bound expression available for the average
symbol error probability. This bound is given by [28]

Pe,MPSK :0; erfc ( (7.3)

A special SER-curve for the 8PSK modulation scheme can be found in Figure 43.
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Figure 43: Validation of 8PSK modulation

The simulated points fits the theoretical curves very well. There are no visible differences.
The (de)modulation process and the Gaussian channel of the simulator are functioning
correctly.
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7.3 Flat fading Rayleigh channel

Equivalently to the previous Paragraph, the same exercise is performed for the channel
model based on Rayleigh fading. The Rayleigh fading generator provides a random
variable with an amplitude distribution which equals the Rayleigh distribution and a phase
distribution which is distributed uniformly. The correct functioning of the generator was
indicated already by Figure 27. However, it is interesting to perform a complete BER
simulation.

The theoretical BER-curve for PSK modulation in a flat fading Rayleigh channel is given
by [28J

(7.4)

provided that the mean channel amplification equals one and that coherence detection is
used.

Figure 44 shows the performance of BPSK modulation in a flat fading Rayleigh channel.
The simulation results in a slight difference with the theoretical curve at low BER values.
The number of realizations are too low to give an accurate indication.
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Figure 44: Validation of the flat fading Rayleigh channel
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7.4 Array gain

The antenna array gain is validated by simulating a Ix2, Ix4 and 1x8 configuration. The
radio channel is modelled by AWGN and the applied modulation scheme is QPSK. Every
doubling of the number of receive antennas gives an extra 3dB of signal-to-noise ratio.
The results of this simulation are shown by Figure 45.
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Figure 45: Validation of receive antenna array gain

The reference curve gives the theoretical BER-curve for a 1x1 configuration. The three
simulated curves confirm the correct functioning of the antenna array gain.

7.5 Conclusion

The models implemented by the simulator were proven to be correct. The results of the
simulations were compared graphically with theoretical BER-curves for some pre-defined
configurations. However, it was not the intention to denote the quality of the simulator
by a detailed mean square error figure. The coming broadband MIMO simulations are
of indicative nature only, since the randomness of a radio channel introduces a certain
variance for the BER-curve any how.
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8 SIMULATION RESlTLTS

A MIMO transmission system has a large number of degrees of freedom. Most of these
are also modelled by the simulator. Since only a few effects are to be considered, the
other parameters are kept constant during the simulations. The value of these parameters
are chosen such that their influence should be neutral on the simulation results.

According to Paragraph 1.2, this Chapter concentrates on wideband MIMO
communication. Further, the influence of correlation due to the small sized antenna array
is also investigated. Research on the correlation effect appeared to be of more importance
than first assumed.

The settings of the simulator are kept similar to that of the previous chapter.

8.1 Broadband MIMO

The term broadband MIMO is defined here as a MIMO signal which propagates through
a frequency selective channel. The conditions for a frequency selective radio channel are
given by [28]

(8.1 )

and

(8.2)

where Bs is the bandwidth of the transmitted signal, Be is the coherence bandwidth of the
radio channel, Ts is the symbol period and (Jr is the rms delay spread.

In order to compare the results of a classical broadband system with a MIMO broadband
system, a data rate analysis has to be made first. A 4x4 MIMO system is capable of
handling a four times higher data rate within the same bandwidth than a lxl system [9].
Hence, the bandwidth of the latter is 4x the bandwidth of the 4x4 MIMO system when
transferring the same amount of data within the same time interval.

Unfortunately, there is no closed expression to denote the relationship between the
coherence bandwidth Be and the rms delay spread (Jr' Lee [18] gives an approximation
for the case the frequency correlation function is above 0.9

(8.3)

From (8.3), the relation Be rv (J;1 is assumed. A 4x larger signal bandwidth results thus
in a 4x larger RMS delay spread. A comparative simulation should take this effect into
account.
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Within the simulator, only the normalized RMS delay spread d is used. As indicated
in Paragraph 5.2, a normalized RMS delay spread of about 0.1 is the turning point for
having multipath difficulties. The length of the training sequence is decreased such that
the channel estimation errors and the coefficients errors of the equalizer are noticeable in
the BER-curve. The simulations are performed with a training length of 100 symbols,
which consumes about 10% of the available data capacity.

First, a lxl broadband system is considered. The applied modulation scheme is QPSK
and the signal undergoes Rayleigh fading. The power delay profile follows the one-sided
exponential model. The equalizer at the receiver is maintained, to make a comparison
with the 4x4 configuration sensible. Figure 46 shows the results of the simulations for
d=O.I, d=O.2 and d=0.8. The reference curve is the theoretical BER-curve for a QPSK
modulation scheme in a Rayleigh flat fading channel. Unfortunately, no reference curves
could be found for frequency selective Rayleigh fading.
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Figure 46: lxl broadband QPSK in a Rayleigh fading environment

The BER-floor for d =0.1 is below the resolution of this simulation. The normalized RMS
delay spreads of d = 0.2 and d = 0.8 results in a BER-floor of 0.002 and 0.06 respectively.
Further, a strange effect around Eb/No =-3dB (or SNR =OdB) occurs. This originates
from a matrix inversion operation which is close to non-singular, but a solution could not
be found however.
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The same simulations are then performed for a 4x4 MIMO configuration. Figure 47 shows
the results of these simulations. Please recall that the total source power Prx remains 1,
which is divided equally among the four transmit antenna elements (PrXm = 0.25).
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Figure 47: 4x4 broadband QPSK in a Rayleigh fading environment

In Figure 47, the theoretical reference line is followed correctly by the MIMO curve
without multipath (d = 0). This confirms the linear capacity increase of MIMO. The
difference at low BER values « 5 . 10-2

) is caused by the relative low number of samples
used in this region. The impact of delay spread on the performance of the MIMO system
is very high. A normalized delay spread d of 0.1 gives already a BER-floor of 0.02.

A comparison between the Ix 1 configuration and the 4x4 configuration is shown by
Figure 48. The comparison is based on equal amount of data transfer, as stated previously.
The SISO curve for d = 0.2 is to be compared with the MIMO curve for d = 0.05.
Equivalently, the SISO curve for d = 0.8 is to be compared with the MIMO curve for
d = 0.2.

From this simulation, it appears that MIMO is sensible to delay spread than SISO in the
given configuration. An explanation for this impact can be found in the number of self
interferences. During the symbol time Ts , an element of the receiver antenna array catches
M different modulated signals. Another M signals are received in the presence of one
channel multipath component. The 4x4 MIMO system has to deal with eight different
signals at one antenna element, whereas the classical1x1 SISO system only receives two
signals. This results in a different level of the BER-floor for both systems.
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Figure 48: Comparison of lxl and 4x4 broadband QPSK system

8.2 Correlation effects

In the previous Paragraph, it was assumed that no correlation exists between the radio
channels. This is very unlikely in practice however. Therefore, simulations are performed
with correlation effects.

Figure 49 shows the impact of correlation on the average BER for a 2x2 MIMO system.
The modulation scheme is QPSK and the radio channel is modelled by Rayleigh fading.
The plot illustrates the course of the BER when ranging the correlation coefficient p from
oto I at a certain value for Eb/No .

The convergence of the BER-curves towards 0.5 at a correlation of I is clearly visible.
The MIMO capacity is then reduced to a SISO capacity. The impact of correlation on
the system performance is considerable. The system performance is degrading clearly at
correlation values of> 0.5.

Kermoal et al. [16] derived realistic correlation parameters of the MIMO radio channel
from measurements. These parameters are adopted for the remaining simulations. The
power correlation matrices RMs and RBs for respectively the mobile station (user end)
and the base station are [16]
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Figure 49: Correlation effect on average BER for 2x2 AWGN MIMO

[ ~3394
0.3394 0.0856 0.1615 ]

RMs =
1 0.2947 0.1379

0.0856 0.2947 1 0.2490
0.1615 0.1379 0.2490 1

[ 1

0.2628 0.2550 0.1216 ]
0.2628 1 0.2417 0.2143

RR':; = 0.2550 0.2417 1 0.2896
0.1216 0.2143 0.2896 1

(8.4)

(8.5)

where the elements of the antenna array are separated by 0.5'x.

The results of the simulations with these correlation matrices are shown by Figure 50.
The reference line gives the theoretical BER-curve. The BER curves for the 4x4 MIMO
system with the QPSK modulation scheme are simulated for d = 0 and d = 1.

The correlation effect is such, that the effect of the frequency selective channel is masked
(cf Figure 47). Unfortunately, there was no time left to perform simulations for higher
values of d.
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Figure 50: Correlation effect on average BER for 4x4 indoor MIMO

8.3 Conclusion

The results of the simulations with the broadband channel model were presented in this
Chapter. When the receiver does not have a perfect channel knowledge, MIMO appears
to be more sensible to delay spread than SISO. An explanation for this result can be found
in the number of self-interferences. For a 2 bin power delay profile, a SISO system has
to combat with only 1 interferer (the delayed symbol), whereas a MIMO system has to
combat with M -1 interferers.

The impact of correlation on the MIMO performance appears to be enormously. A spatial
power correlation of more than 0.5 is destructive for proper MIMO operation. Therefore,
it is advised to concentrate research on the minimalization of correlation.
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9 CONCLUSIONS AND RECOMMENDATIONS

9.1 Conclusions

A new physical explanation was introduced to clarify the MIMO concept. Instead of
using the capacity theorem, the constellation diagrams are drawn for each (cluster of)
signal(s) at an antenna element. The MIMO concept is studied by varying the length of a
radio channel modulo the carrier wavelength, which results in a relative phase shift at the
receive antenna. The constellation diagram of the signal at the receive antenna element
shows then a graphical indication of the performance of MIMO.

A MIMO simulator is developed to perform simulations with a statistical broadband
MIMO channel model for an indoor environment. This model is based on the general
adopted correlation model. During the broadband MIMO simulations, it is assumed that
the receiver does not have a perfect knowledge of the radio channel. Hence, the length
of the training sequence is limited to a realistic figure of 10% of the total data capacity.
Further, it is assumed that a SISO system transfers an equal amount of data during a
certain time interval when compared with a MIMO system.

From the indicative results, it appears that MIMO is more sensible to channel multipath
than SISO. Further, a relative low RMS delay spread shows a considerable system
performance degradation. This behaviour may be explained by the difference in the
number of self interferences. For a 2 bin power delay profile, a SISO system has to combat
with only 1 interferer (the delayed symbol), whereas a MIMO system has to combat with
M -1 interferers.

The impact of correlation on the MIMO performance appears to be enormously. A
spatial power correlation of more than 0.5 is destructive for proper MIMO operation.
The correlation effect masks the influence of small values of the RMS delay spread.

9.2 Recommendations

Due to the long simulation time for each BER-plot, there was no time left to explore the
relation between the training sequence and the quality of the channel estimation in detail.
Therefore, it is recommended that further research is concentrated on the influence of
training sequences on the system performance.

A simple way to combat the channel multipath is to receive all physical multipath
components within the symbol time. The OFDM modulation scheme could provide
this demand. Since a large number of subcarriers are used with OFDM, the data rate
of each subcarrier is lowered equivalently. The symbol time could then be long enough to
overcome the channel multipath effect.
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The simulations were carried out with a small scale fading matrix which is based on the
Rayleigh distribution. However, the Nakagarni-m distribution is more suitable to model
the fading properties of a radio channel. The parameter m can be varied such, that it
covers a wide range of fading types. A measurement campaign should be organized to
verify the use of Nakagarni-m within the correlation model.

Another serious practical problem to overcome is the simulation time. A full signal-to
noise ratio versus BER simulation from -20dB to 40dB with a 2dB step takes up to 4 days
to complete on a modern computer. Further, the long simulations produced sometimes an
unexpected output. This is probably due to correlation aspects of the generation of semi
random numbers inside the computer. Therefore, more effort should be used to optimize
the performance of the simulator.
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A SIMULATOR PARAMETERS DESCRIPTION

M times

UserData
- length (int 2::0)

user data

Training
- length (2::0)
- type (random, pre-

defined)

Modulation
- scheme (BPSK,

QPSK,8PSK,
16QAM, 64QAM)

Raised cosine filter
- roll off factor ([0.. 1]

--------.

transmitted signal model
for antenna m

Guard
- length (2::0)

Figure 51: Transmitted signals model

@Philips Electronics Nederland BV 2003 73



T 'tt d .ransmI e sIgna s

Angle Of Arrival
- angle ([-900

••900
])

Correlation
- coefficient p

Fading Power Delay Profile
- type (Rayleigh, - profile (Exponential,

"xNakagami-m) Gaussian)

Noise

\..+

TransmItted sIgnals
with propagation effects

Figure 52: Broadband channel model
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N times

training
sequence

received
signal

Raised cosine filter
- roll off factor ([0.. 1]~

---------- ..
!

Synchronisation

M times I......... -.- .. ··_·····r--······ __ ·_-_·····_·······_··· _.
Channel estimation

MMSE solution
- filter ord (int 2: 0)

I

Equalizer

Demodulation
- scheme (BPSK,

QPSK.8PSK,
16QAM. 64QAM)

user data
from antenna m

Figure 53: Signal processing
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B THE ERROR FUNCTION

The error function erf (z) is defined by

2 r 2

erf (z) = ..(iF io e-
X dx (B.1)

and the complementary error function er fe (z) is defined by

2 100

2er fe (z) = ..(iF z e-X dx (B.2)

The relation between the error function erf (z) and the complementary error function
er fe (z) is

erf e (z) = 1 - erf (z) (B.3)

Figure 54 shows the plot of the erfe-function.
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Figure 54: Plot of the erf e (z) function
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For reasons of completeness, the relationship of the error function with the Q-function is
given below

erf(z) = 1- 2Q (J2z)

er f c (z) = 2Q ( J2z )
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C PHOTOS OF MIMO TESTBED

Figure 55: MIMO transmitter (right) and MIMO receiver (left)

Figure 56: Antenna array with four elements
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D ABBREVIATIONS AND ACRONYMS

AOA
AOD
AWGN
BER
BLAST
BPSK
CDF
CDMA
CSI
DOA
FFf
GSM
lSI
LMS
MIMO
MISO
MMSE
MRC
NLOS
OFDM
PDF
PSK
QAM
QPSK
RMS
RX
SDM
SIMO
SISO
SNR
TX
UMTS
WGN
ZF

Angle of Arrival
Angle of Departure
Additive White Gaussian Noise
Bit Error Rate
Bell Labs Layered Space-Time architecture
Binary Phase Shift Keying
Cumulative Distribution Function
Code Division Multiple Access
Channel State Information
Direction Of Arrival
Fast Fourier Transform
Global System for Mobile communication
Inter Symbol Interference
Least Mean Square
Multiple Input Multiple Output
Multiple Input Single Output
Minimum Mean Square Error
Maximal Ratio Combining
Non Line Of Sight
Orthogonal Frequency Division Multiplexing
Probability Density Function
Phase Shift Keying
Quadrature Amplitude Modulation
Quadrature Phase Shift Keying
Root Mean Square
Receiver
Space Division Multiplex
Single Input Multiple Output
Single Input Single Output
Signal to Noise Ratio
Transmitter
Universal Mobile Telecommunication System
White Gaussian Noise
Zero forcing
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E NOTATIONS AND USED SYMBOLS

8 Convolution operation

V'x Gradient of x

<5 Kronecker delta function

I

X Copy of x

min Minimum value in the set X
x

aij Element at i-th row and j-th column position

AT Transpose of matrix A

AH Complex conjugate transpose of matrix A

A 1/ 2 Any matrix square root such that Al/2 (A 1/ 2 )H = A

A t Pseudo inverse of matrix A, for a m x n matrix A

exists provided that m 2: n and A is of full rank

A ® B Kronecker product, for a m x n matrix A and a p x q matrix B

results in a mp x nq matrix

IIAIIF Frobenius norm of matrix A, IIAIIF = vI: laijl2
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