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Abstract In general, wireless communications are affected by noise and by
time-varying characteristics of propagation environment. Space-time block codes
are an effective method to combat fading and also to provide spatial diversity.
Besides fading and additive white Gaussian noise (AWGN), we considered two
types of impulsive noise described by Middleton Class-A (AWCN) and symmetric
a-stable (SaS) distributions. The AWCN model was used to highlight the Alamouti
code diversity, compared with the situation when the channel is only affected by
AWGN. Even in the presence of non-Gaussian noise, the diversity at both the
reception and transmission has decreased the number of errors. Alamouti 2 X 2
performances for all three types of aforementioned noise are presented; the eval-
uation was performed considering the Bit Error Rate (BER) curves depending on
signal-to-noise ratio. We have also used this code in image transmission in the
presence of SaS noise. For all simulations, data was binary phase-shift keying
(BPSK) modulated and the fading was Rayleigh type. Different values of the
parameters that describe the noise models were considered.
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1 Introduction

Wireless communication systems are currently in the spotlight, due to their high
usage in human activities. The safety of data transmitted by such systems, on
channels affected by fading, is considerably improved by using space-time block
code (STBCO).

STBCs ensure protection, especially at high speeds [1], and furthermore, they
accomplish transmission diversity [2]. The simplest scheme is that proposed by
Alamouti, with two emitting antennas [3]. This scheme is an important accom-
plishment in the field of communications, because it leads to good performances, in
spite of having a simple decoder.

In general, any process is affected by various additive or multiplicative distur-
bances. In communication systems, the perturbations are additive. These are gen-
erated by various sources at different points of time and space and then are
propagated through communication channels to the receivers, where they arrive as a
combination of noise signals, independent or correlated. The noise that could affect
the data transmission on multiple-input multiple-output (MIMO) channels can be
additive white Gaussian noise or non-Gaussian (impulsive noise). Impulsive noise
is an additive disturbance, independent of background noise, active at different
moments of time, as very short pulses. In addition, it is a non-stationary process,
whose statistical parameters may vary in time.

The main characteristic of this type of noise is high value of instantaneous power
and average power ratio. As a result, impulsive noise is a significant source of errors
if the pulses occur frequently and their amplitudes are much higher than back-
ground noise [4]. There are various sources that can produce non-Gaussian noise
such as: automotive ignition, refrigerators, printers, microwave ovens [5], or net-
work interference [6].

Most of the space-time block code receptors were designed for the AWGN case.
That is why, in the presence of impulsive noise, their performance drops signifi-
cantly, compared to the AWGN case, especially for high values of signal-to-noise
ratio (SNR) [7].

Because this type of noise is often present, communications research required
the development of statistical models enable to characterize it. So, in [8] Hall
proposed an exogenous model, where impulsive noise is generated as a product of
two independent random processes. Shao and Nikias established a symmetric stable
distribution, characterized by an exponent term « and known as symmetric a-stable
(SaS) distribution [9]. In many applications, for impulsive noise a canonical model
is used, proposed by Middleton [4]. In this paper, Middleton Class-A and SaS
distributions were considered.

In the case of MIMO communication channels with multiple receivers, the
Middleton Class-A impulsive noise models are multivariable extensions of the
monovariable distributions (valid for channels with a single receiver). Based on the
sources of interference spatial distribution relative to the receivers, there are three
types of multivariable models for Middleton Class-A impulsive noise [10]:



Performance Aspects of Alamouti STBC for MIMO ... 127

(a) the impulsive noises from the receivers are considered random variables,
independent in space and time and evenly distributed. In this case, the noise
sources are independent and each antenna receives an independent impulsive
noise, generated by a monovariable probability density function (pdf). Often,
the same parameters are used for all the probability densities of the random
variables;

(b) the impulsive noises from the receivers are considered temporal-independent
random variables, but spatially dependent and correlated between the receiving
antennas. In this case, all the receiving antennas are under the influence of the
same set of noise sources. Furthermore, the spatial dependency implies that the
distance between the interference sources and the antennas is much greater than
the distances between the antennas. As such, there is no difference between the
distances from a source of interference to each antenna, and practically, the
antennas receive impulsive noises that are more or less the same. The multi-
variable model uses a monovariable pdf, extended by the noise covariance
matrix. This is the case considered in our paper.

(c) the impulsive noises from the receivers are considered temporal-independent
random variables, but spatially dependent and uncorrelated.

When analyzing the behavior of communication systems in various situations
and conditions, the Middleton Class-A noise model is used very often. Some of the
results target wireless communication systems, like: IEEE 802.11a and IEEE
802.11b [11], other the power line communication [12]. In both cases, the system
performances on a channel affected by non-Gaussian noise are significantly lower
against AWGN for high signal-noise ratio (SNR) values. In a MIMO power line
communication system, if the noise gets more impulsive, the Bit Error Rate
(BER) increases [12]. For a MIMO system with orthogonal space-time coding
(OSTBC), QPSK and 16QAM modulations, a coding gain of about 6 dB was
obtained in the case of AWCN channel compared to AWGN, for low SNR [13]. If
the SNR increases, the situation reverses.

In the case of the SaS distribution the situation is similar to Middleton Class-A,
i.e., the non-Gaussian noise effects on MIMO systems worsen their performances.
However, until now, there is no closed-form expression for the error probability
[14], except for the optimal linear receivers in a single-input single-output system
[15]. For space-time codes over a channel affected by fading and impulsive noise
modeled SaS, [16] used Monte—Carlo simulations to compare the performance of
the different decoders. The maximum-likelihood (ML) receiver leads the best
performances.

This paper analyzes the Alamouti code spatial diversity on a channel affected by
Middleton Class-A impulsive noise compared with an AWGN channel, for varying
degrees of impulsivity: from almost Gaussian to strongly impulsive noise, given by
the model parameters. It investigates the performances of Alamouti STBC with two
transmitting and two receiving antennas over a channel affected impulsive noise
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with SaS distribution, for a ML receiver and different values of the exponent
parameter . This type of noise was used in image transmission with the afore-
mentioned code. In all cases, the fading was considered to be of Rayleigh type and
data was BPSK modulated.

The paper is organized as follows. In Sect. 2, the impulsive noise models for the
two types of noise are described and Sect. 3 presents the system model. Simulation
results are presented in Sect. 4 and Sect. 5 concludes the paper.

2 Impulsive Noise Models
2.1 Symmetric-Alpha Stable (SaS) Distribution

First, we assume the SaS model to represent the impulsive noise. Some sources of
impulsive noise are: underwater acoustics, low-frequency atmospheric noises and
many more man-made noises [17]. Its characteristic function is [18]:

@(t) = exp{joy —|ot|" (1 — jpsign(t) - w(t, @)}, (1)
where
R

The significance of variables in (1) is as follows [17]:

e o € (0, 2]—is the characteristic exponent. This parameter is the one who
influences the thickness of the distribution tail. When a = 2, the process
becomes Gaussian.

e y—represents the dispersion parameter. It is analogous to the variance from the
Gaussian case.

e p—is the location parameter and its corresponding parameter in the normal
distribution is the mean.

6 € (0, ) is the scale;

B € [-1; 1]—determines the distribution symmetry. Thus, if f = 0, the distri-
bution is symmetrical about p, if §# < 0 the distribution is skewed to the left, and
if f > 0—to the right.

So far, no expression has been set for the probability density function that
describes the SaS distribution. However, there are two exceptions: Gaussian (if
a = 2) and Cauchy (if a = 1) [19].
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2.2 Middleton Class-A Model

The Middleton Class-A distribution statistically models the sum of electromagnetic
interferences from multiple noise sources, spatially spread in an annular area around
the receiver, following a Poisson distribution pattern for magnitude and uniform
distribution, within the [0, 2x] interval for phase [20]. Unlike the SaS distribution,
the Middleton Class-A can also include the white noise from the receiver, without
changing the nature of distribution [10].

A sample of Middelton Class-A impulsive noise is given by: n = n, + n;, where
n, represents the Gaussian component and #; is the impulsive component [21], with
their variances: 6§ and o7, respectively. Non-Gaussian type impulsive noise that

follows the aforementioned distribution has the probability density function [22]:

0 Ame—A 112
n)= —€X - 3
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In the above pdf expression, m is the number of impulsive noise sources and A is
the impulse index [22]. The term m = 0 is assigned to the Gaussian background
noise component and the remaining summed components, indexed with m > 0,
represent the impulsive noise, as a results of a sum of interferences from noise
sources, spatial spread following a Poisson distribution.

Two important parameters describe the Middleton Class-A distribution: A and
T. Parameter A is called impulsive index or overlapping and is the product of the
average number of impulses that reach at the receiver in one second (v) from the
noise sources and their average duration (7,,): A =v - T,, [23]. This parameter
shows how impulsive is the noise at the receiver, as a result of the interference from
noise sources. Depending on A value, for each moment of time, from total number
of noise sources considered, only some of them will have a significant contribution
in the noise of the receiver. Thus, if A has high values, it results a high density of
waveform overlapping at a time and the noise is less impulsive, looking almost
Gaussian (according to the Central Limit Theorem). Conversely, low values for
A indicate a small overlap, so only a few sources interfere and the noise gets more
impulsive. arzn is given by

2o atT
" 1+T°

4)

2

where ¢” =07 + 07 is the total noise power and

T=

-Q|\) ‘ OQQI\J
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(9]
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is the Gaussian factor. Analogous to parameter A, if T gets lower, the noise gets
more impulsive, and if 7 has high values, the distribution will approach the
Gaussian one.

3 STBC Model

A general scheme for a MIMO communication system, with Ny emitting and Ny
receiving antennas is presented in Fig. 1. The use of this type of system signifi-
cantly improves communication by providing diversity at the reception and/or
emission. In this paper, we consider Ny = 2, Ny = 2, a BPSK modulator and the
transmitted data are STBC encoded, which means that each antenna transmits a
different version of the same input. This is an advantage because at reception it will
get more signal copies, which will be affected differently by noise, interference or
fading. A space-time block decoder uses all these copies to remake the transmitted
data and thus, the number of errors will be lower.
The relation that describes a MIMO channel is [24]:

r =H-x+n (6)

where: r is the array of received signals, H—the channel matrix, x include the
transmitted signals and n—the noise samples.

The channel matrix elements are the channel fading coefficients between the
emitting and the receiving antennas. These can vary in time; so, at moment #, the
matrix form is:

t t t
Wiy hi, .. hl,NT
t t t
H=| 2! 722 7 2 Nr (7)
t t t
Ng, 1 hNR, 2 hNR, Nr

If the channel matrix H varies slowly in time, being constant during the trans-
mission of an entire frame with L symbols, but changing from frame to frame, then
the channel is quasistatic or slow fading. In this case, the channel parameters vary
more slowly than those of the base-band signal, and the channel coherence time,

h1q

ha1 hiz
X 5]

s X2 22 E Iy .
ource — Modulator Encoder — : ~ | Decoder —»| Demodulator Destination
XNY Pt Y Tiur

Fig. 1 The general scheme for a MIMO system with STBC encoder
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denoted t. is bigger than the time of frame transmission, Tg: Tr = L - T < t., where
L is the number of symbols in the frame, and T is the transmission time of a symbol.

If the channel matrix H remains constant during the symbol transmission, but
varies from symbol to symbol during the frame transmission, then the channel is
fast fading. In this case, the coherence time is: T < t. < L-T.

In this study, the fading is considered to be flat and of Rayleigh type, and the
coefficients to be random complex Gaussian variables, with identical distribution
with zero mean and unit variance [24].

For every time moment ¢, the signal received by antenna j will be a linear
combination of all signals, with fading and noise, and it will be given by [24]:

Ny
r}z Y h}i-x§+n;, (8)
1=
The scheme proposed by Alamouti has two emitting antennas and Ng receiving
ones. The signals are BPSK modulated and they are transmitted as Alamouti
technique: at moment ¢, the first antenna emits X, the second one x, and at the
moment ¢ + 1, —x; and X}, respectively, where x " is a complex conjugate of x [3].
According to relation (8), the signals received by antenna j are [24]:

rjylzhjyl')C1+hj,2')C2+l’lj,1 (9)
* *
ri2=—hj1-x+hi2-x; +njo
The matrix form is
- “lhy BT TR
y=lra mal=lha k2] 2+ no] (10)
2 X1

The estimated symbols %; and %, are given using the square Euclidean distance
between the received sequence and the alleged received one. Therefore, the decoder
uses the maximum-likelihood algorithm. The complexity of this type of decoder
depends on the number of antennas and the modulation that was used (BPSK
modulated symbols are easiest to decode). As this increases, the decoding becomes
more difficult.

4 Simulation Results

This part of the paper contains three subparagraphs, which present the results as
follows: Alamouti code spatial diversity analysis on an AWCN channel (Sec. 4.1),
the aforementioned code performances on channel affected by SaS noise (Sec. 4.2),
and visual and quantitative results on image transmission using Alamouti STBC
(Sec. 4.3). For all simulations, we considered a channel affected by noise (Gaussian
or impulsive), Rayleigh slow fading and BPSK modulation. The ML receiver was
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used. The impulsive noises, Middleton Class-A and SaS, were generated by the
Interference Modeling and Mitigation Toolbox [25].

4.1 Alamouti Code Spatial Diversity Analysis on AWCN
Channel

Alamouti created a space-time code with superior performances, which combats
fading and ensures diversity on an AWGN channel with Rayleigh-type fading [3].
In order to highlight the benefit of this diversity on an AWCN channel also, we
performed simulations for Ngr = 2 and 4 receiving antennas and a random sequence
of input data, of dimension N = 100 and N = 1000, respectively. The following
situations will be considered: the transmission is affected only by the channel fading
(flat fading of type Rayleigh), in which case the H matrix is considered to be
perfectly known or known with uncertainty—for this case we chose o small input
sequence, of size 100; fading and background noise (Gaussian) and with Middleton
Class-A additional impulsive noise, respectively. The impulsive noise model
parameters were varied like this: (A, T) = (0.1; 0.1), (0.01; 0.01). For the last
scenarios, the input sequence was considered to be of size N = 10000.

(a) The first case considered is that when the transmission is affected only by the

fading, in the absence of background noise or other sources of non-Gaussian
noise. The simulations were done for a small set of input data (N = 100), two
emitting antennas, two receiving antennas and the H matrix known at reception.
In Fig. 2, we represented the symbols received by each antenna and also the
estimated symbols. It can be observed that the received symbols estimation is
not in the C constellation theoretical values, but within values corrected with
the energy transmitted per symbol and number of transmitters. For Nt = 2, the
estimated values of the symbols are in the + 1/4/2 points. Even though the
transmitted symbols are received with errors (caused by fading), the decoder
can correct these errors, if the channel’s H matrix is perfectly known.
If the H matrix is known with some uncertainty, then the estimated values will
have the same uncertainty also, but the decoder will be able to correct this
estimation error. We considered two situations: when the H matrix is known at
reception with 20% uncertainty and 50%, respectively. The symbols’ estimated
values for each situation are represented in Fig. 3a and b. The symbols are no
longer in the constellation points, but around them, and it can be observed that
there are no decoding errors (the errors will be red).

(b) When the transmission is affected by Rayleigh fading and AWGN noise, we
consider Ng = 2. For simulations we used a larger data set (N = 10000),
assumed the H matrix is known and that SNR = 5, 7, 10 dB.

For SNR = 10 dB the decoding is done with a number of N, = 11 errors. The
estimated symbols’ “distribution,” along with the received values, is repre-
sented in Fig. 4. The red dots represent the wrongly classified points. They are
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Fig. 2 Channel affected by fading and the H matrix known at reception. a Symbols received by
each antenna; b estimated symbols
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Fig. 3 Channel affected by fading and the H matrix known at reception with an uncertainty of
a 20%:; b 50%

placed in one of the semi-planes, left or right of the ordinate (having the real
part negative or positive), but they should be in the other semi-plane.

For SNR = 7 and 5 dB, the number of errors rises N, = 53 errors—at 7 dB,
and 162 errors—at 5 dB, respectively, and the dots will be “distributed” like in
the Figs. 5 and 6. It can be observed that most of the erroneous symbols are
very close to zero.

(c) When transmission is affected by fading and AWGN noise, for Nr = 4 and H
matrix known at reception, we considered the same large data set (N = 10000)
and SNR = 7 dB and 5 dB, respectively.

For SNR = 7 dB, decoding is done with a number of N, = 30 errors, and for
SNR = 5 dB, N,,; = 103 errors. The estimated values are represented in Fig. 7.
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(b)

3 Estimated values of received symbols

Fig. 4 Channel affected by fading and AWGN noise, Ng = 2. a Symbols received by every

antenna; b symbols estimated at SNR = 10 dB
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Fig. 5 Channel affected by fading and AWGN noise, Nr = 2. a Symbols received by each

antenna; b estimated symbols, SNR = 7 dB

(d) When transmission is affected by fading, by background (Gaussian) noise and
by impulsive noise, we considered Ng = 2, matrix H known at reception,
SNR = 10 dB and (A; T) = (0.1; 0.1), (0.01; 0.01). The symbols distribution is
given in Fig. 8. For A =T = 0.1, N, = 102 errors, and for A = 0.01 and
T = 0.01, the decoding is done with a number of N, = 65 errors. A much
greater spread of the wrongly classified points can be observed (compared to
the AWGN case). These points, being affected by impulsive noise, have con-
siderably passed in the opposed semi-plane. The number of errors is smaller in
the case of strong impulsive noise; this has an explanation easily deductible
from Fig. 8: in the case of strong impulsive noise, the impulses have greater
amplitude, but they are more rare, which places the impulses far away from the
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Fig. 6 Channel affected by fading and AWGN noise, N = 2. a Symbols received by each
antenna; b estimated symbols, SNR = 5 dB

(a)
2

Estimated values of received symbols (b) Estimated values of received symbols
: T 2 - - . :

Fig.

(e)

3

7 Channel affected by fading and AWGN noise, Ng = 4. a SNR =7 dB; b SNR =5 dB

constellation’s points. For parameters A = T = 0.1, the points are much closer
to the constellation’s ones, the erroneous ones being concentrated near 0, while
for A =T = 0.0.1, the wrongly classified symbols are “all over the place,”
being less numerous, but with larger values.

The last case we considered is the one when the transmission is affected by
channel fading, background (Gaussian) noise and impulsive noise, but for
Nk = 4. Assuming the H matrix is known, for SNR = 10 dB and A = 0.1 and
T = 0.1, the decoding is done with a number of N, = 87 errors, and for
A =0.01 and T = 0.01, the decoding is done with a number of N, = 52
errors. The symbols “distribution” is represented in Fig. 9. In this case, the
numbers of errors for the two parameter sets of the Middleton Class-A noise
model are comparable, which means that indeed it’s lucrative to have diversity
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(:?) Estimated values of received symbols (l:) Estimated values of received symbols

2

3

Fig. 8 AWCN channel affected by fading, Ng =2, SNR=10dB. a A=T=0.1;
bA=T=0.01

*

(:) Estimated values of received symbols (;’) Estimated values of received symbals

Fig. 9 AWCN channel affected by fading, N =4, SNR=10dB. a A=T7T=0.1;
bA=T=0.01

at reception. This situation is similar to that at point d), the number of errors
being smaller for strong impulsive noise, but the impulses’ high amplitude
places the symbols very far from the constellation’s points. Using 4 receiving
antennas, at A = T = 0.01, we can see that the values of the estimated symbols

are smaller than the ones at point d).

The results from above can be summarized in Table 1, for the AWGN channel,
and Table 2, for the AWCN channel, respectively. In both cases, we considered the
H matrix to be known at the receiving end, the fading to be of Rayleigh type, BPSK
modulation, two emitting antennas and a data set of size N = 10000.
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Table 1 Number of errors SNR (dB) N
(Ner) for AWGN channel Number of receiving
antennas
2 4
5 162 103
53 30
Table 2 Number of errors (A:T) N
(Nerr) for AWCN channel Number of receiving
antennas
2 4
(0.1; 0.1) 102 87
(0.01; 0.01) 65 52

4.2 Bit Error Rate Analysis

To analyze the influence of impulsive noise on Alamouti code performances, a
MIMO channel is considered with Nt = 2 and Ni = 2. The values for the model
parameters are: a € [1; 1.5; 2], =0,y =1, p = 0 and 6 = 1. The results were
compared with the cases of an AWGN channel and a Middleton Class-A (AWCN)
channel with parameter A = T = 0.01 (highly impulsive noise) [24].

The simulation results are illustrated in Fig. 10. The impulsive noise degrades
the system performances compared with AWGN. For example, for BER = 107,
the system brings a coding gain of about 3 dB when the channel is affected by
Gaussian noise against SaS impulsive noise.

The poorest results are obtained in the presence of SaS noise and as a decreases,
BER increases. For a = 2, starting from SNR = 8 dB, the BER increases in case of
AWCN channel. In the presence of Middleton Class-A noise, the system leads
better performances for SNR values up to 3.8 dB. Beyond this point, the BER has
the smallest values for AWGN channel.

4.3 Image Transmission Using Alamouti STBC

In this section, Alamouti 2 X 2 code is used for image transmission through
MIMO channel. The original image is shown in Fig. 11a. It has 512 X 512 pixels
with 8 bit grayscale. Figure 11b and c present the received image on AWGN and
SaS (a = 1) channels at SNR = 5 dB. The last one has the largest number of
damaged pixels.
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o BER for BPSK modulation, Alamouti STBC 2x2, Sa. S noise

Bit Error Rate [BER]

- AWGN
L[| 7% sas (@=2)
10" 0 —e— s0S (00=1.5)

—>—saS (a=1)
o [| —B— AWCN (A=T=0.01) [} i r ‘ ‘
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SNR[dB]

Fig. 10 BER curves for Alamouti code 2 X 2, under different type of noise

(b) (c)

Fig. 11 a Original image; b AWGN; ¢ SaS (@ = 1)

The transmitted data was BPSK modulated. The simulations were done for two
SNR values: 5 and 10 dB, respectively. The image quality is assessed in terms of
mean squared error (MSE) defined as:

1

MSE =
MN;

N
X 1) =T (1)

||Mg

where M, N—represent the image’s horizontal and vertical number of pixels,
respectively; I is the original image and T is the received image.
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Table 3 Image quality metric

SNR (dB) Type of noise

AWGN |AWCN (A =T =0.01) |SaS

a=2 a=1.5 a=1
MSE 5 83.66 235.52 387.04 1634 4244
10 2.37 145.37 21.78 605.43 2647

The values of MSE are collected in Table 3. The MSE values calculated for
AWGN case are significantly lower than in the case of impulsive noise. It can be
observed that MSE increased with the impulsive component (o). If SNR increases,
the noise affects the image less, MSE having significantly lower values.

5 Conclusions

Analyzing the distribution of the estimated values of received symbols, for 2 and 4
receiving antennas, in the case of a channel affected by Gaussian and impulsive
noise described by the Middleton Class-A model, it was highlighted that the spatial
diversity at the receiver brings performance enhancements to the Alamouti code, on
both AWGN and AWCN channels. But in the case of strongly impulsive noise
(A = T = 0.01), the differences between the number of errors obtained for 2 and 4
receiving antennas, respectively, is not very high, while for AWGN this is cut
nearly in half.

The behavior of a MIMO system, with an Alamouti 2 X 2 code, was investi-
gated on a channel affected by impulsive noise and Rayleigh fading. The
non-Gaussian noise was modeled with SaS type and data was BPSK modulated.
The simulations were performed for different values of the exponent parameter a.
The BER curves increase considerably against the AWGN channel, as a gets lower.
The results were also compared with the case of AWCN channel (A = 7 = 0.01—
highly impulsive). For low SNR, Middleton Class-A noise yields the best perfor-
mances. The worst results, for all SNR values, are obtained for SaS noise, with
a < 2.

The image quality is strongly affected by the impulsive noise, compared to
AWGN, when transmitting it on a MIMO channel. In this case, we have considered
Alamouti 2 X 2 code, Rayleigh-type fading and SaS impulsive noise. The simu-
lations have shown that as the noise gets more impulsive (the exponent parameter is
lower), the images get more distorted (the case of @ = 1).
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