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Abstract— space-time block coding, a new evolution for
communication over Rayleigh fading channels using
multiple transmit antennas. Data is encoded using a space—
time block code and the encoded data is split into n streams
which are simultaneously transmitted using n transmit
antennas. The received signal at each receive antenna is a
linear superposition of the n transmitted signals perturbed
by noise. Maximum likelihood decoding is achieved in a
simple way through decoupling of the signals transmitted
from different antennas rather than joint detection. This
uses the orthogonal structure of the space—time block code
and gives a maximum-likelihood decoding algorithm which
is based only on linear processing at the receiver. Space-
time block codes are designed to achieve the maximum
diversity order for a given number of transmit and receive
antennas subject to the constraint. It is shown that using
multiple transmit antennas and space—time block coding
provides remarkable performance at the expense of almost
no extra processing. In this work we propose a generally
applicable equalization technique for space-time block
coded (STBC) MIMO orthogonal frequency division
multiplexing (OFDM) communication systems. Maximum
likelihood approaches are developed and iterative solutions
are proposed. BER Analysis for BPSK in Rayleigh
channel With two transmit and one receive antenna as
well as two transmit and two receive antennas for
Alamouti STBC case shows higher performance. The
maximum likelihood algorithm is based on iterative least
squares with projection .

Keywords—Orthogonality, Maximal ratio combining, BER,
MIMO, STBC , Rayleigh fading channel, etc.

I.INTRODUCTION

Orthogonal Frequency Division Multiplexing
(OFDM) is a technique in which the total
transmission bandwidth is split into a number of
orthogonal subcarriers so that a wideband signal is
transformed in a parallel arrangement of
narrowband ‘orthogonal’ signals[1]. In this way, a
high data rate stream that would otherwise require a
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channel bandwidth far beyond the actual coherence
bandwidth can be divided into a number of lower
rate streams. Increasing the number of subcarriers
increases the symbol period so that, ideally, a
frequency selective fading channel is turned into a
flat fading one. In other words, OFDM handles
frequency selective fading resulting from time
dispersion of multipath channels by expanding the
symbol duration [1]. Very high data rates are
consequently possible and for this reason it has been
chosen as the transmission method for many
standards from cable-based Asymmetric Digital
Subscriber Line (ADSL), to wireless systems such
as the IEEE 802.11a/g local area network, the IEEE
802.16 for broadband metropolitan area network
and digital video and audio broadcasting. The fact
that the OFDM symbol period is longer than in
single carrier modulation, assures a greater
robustness against Inter-Symbol Interference (I1SI)
caused by delay spread. Orthogonal frequency
division multiplexing (OFDM) is an efficient multi-
carrier modulation technique which can be combined
with transmitter and receiver diversity communication
systems. Maximal ratio combining (MRC) and space-
time block coding (STBC) can be used in conjunction
with receiver and transmitter diversity in order to
increase the communication system’s performance.
For these systems, channel estimation and tracking
must be performed since the receiver requires channel
state information for decoding. for the MIMO case,
basic, simplified, significant tap catching (STC) and
comb-type channel estimation techniques have been
simulated. In all cases, discrete mobile multipath
fading and additive white Gaussian noise (AWGN)
channels have been chosen as simulated channels. The
bit error rate (BER) performances of the simulated
communication  systems  were obtained. A

www.ijert.org



International Journal of Engineering Research & Technology (IJERT)
ISSN: 2278-0181
Voal. 1 Issue 4, June - 2012

performance comparison between the OFDM systems
utilizing different channel estimation methods was
conducted and simulated.

In an OFDM system, the input bit stream is
multiplexed into N symbol streams, each with

I.SYSTEM MODEL
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Fig(1) MIMO-OFDM system model

symbol period T, and each symbol stream is used
to modulate parallel, synchronous sub-carriers [10].
The sub-carriers are spaced by 1 in frequency, thus
they are orthogonal over the interval (O, T).

A typical discrete-time baseband OFDM
transceiver system is shown in Figure(1). First, a
serial-to-parallel (S/P) converter groups the stream
of input bits from the source encoder into groups of
log,M bits, where M is the alphabet of size of the

digital modulation scheme employed on each sub-
carrier. A total of N such symbols, X, are created.

Then, the N symbols are mapped to bins of an
inverse fast Fourier transform (IFFT). These IFFT
bins correspond to the orthogonal sub-carriers in the
OFDM symbol. Therefore, the OFDM symbol can
be expressed as

X(M)=1NENS X (m) exp(Zr™) -----(2.1)
Where the X(m)’s are the baseband symbols on each
sub-carrier. The digital-to-analog (D/A) converter
then creates an analog time-domain signal which is
transmitted through the channel.

At the receiver, the signal is converted back to a
discrete N point sequence y(n), corresponding to
each sub-carrier. This discrete signal is demodulated
using an N-point fast Fourier transform (FFT)

operation at the receiver. The demodulated symbol
stream is given by:

Y(m)= Zhh y(n) exp(=) + W(m) ---(2.2)
where, W(m) corresponds to the FFT of the samples
of w(n), which is the Additive White Gaussian
Noise (AWGN) introduced in the channel.

The high speed data rates for OFDM are
accomplished by the simultaneous transmission of
data at a lower rate on each of the orthogonal sub-
carriers. Because of the low data rate transmission,
distortion in the received signal induced by multi-
path delay in the channel is not as significant as
compared to single-carrier high-data rate systems.
For example, a narrowband signal sent at a high data
rate through a multipath channel will experience
greater negative effects of the multipath delay
spread, because the symbols are much closer
together [3]. Multipath distortion can also cause
inter-symbol interference (ISI) where adjacent
symbols overlap with each other. This is prevented
in OFDM by the insertion of a cyclic prefix between
successive OFDM symbols. This cyclic prefix is
discarded at the receiver to cancel out ISI. It is due
to the robustness of OFDM to ISl and multipath
distortion that it has been considered for various
wireless applications and standards.

OFDM SYSTEM

Let us use an OFDM system loosely based on
IEEE 802.11a specifications.

Parameter Value

FFT size. nFFT 64

Number of used subcarriers. nDSC 52

FFT Sampling frequency 20MHz
Subcarrier spacing 312.5kHz

Used subcarrier index {-26 to-1, +1 to +26}
Cyclic prefix duration, Tcp 0.8us

Data symbol duration, Td 3.2us

Total Symbol duration, Ts 4us

Eb/No and Es/No in OFDM

The relation between symbol energy and the bit
energyis as follows:
&_&(nﬂsc)( Td )
Ng™ NOnFFT )\ Td+Tep )

Expressing in decibels,
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By, B nDSC T4
B =Bt loﬁo-fflo(wtr)* 1010910(%?@

Rayleigh multipath channel model shown in
figure(2), the channel was modelled as n-tap
channel with each the real and imaginary part of
each tap being an independent Gaussian random
variable. The impulse response is,

1 .
h(t) =g hilt—t1)++ho(t—to)+ - +ha(t—t,,
where
hl':t_flj'is the channel coefficient of the 1st tap,
hz':ﬁ_flj' is the channel coefficient of the 2nd
tap and so on shown in Fig(2).
The real and imaginary part of each tap is an

independent Gaussian random variable with mean 0
and variance 1/2.

1
The term um is for normalizing the average
channel power over multiple channel realizations to
1.
transmitter

receiver
t1 2 13
Figure(2): Impulse response of a multipath channel
Cyclic prefix

The need for cyclic prefix and how it plays the
role of a buffer region where delayed information
from the previous symbols can get stored. Further,
since addition of sinusoidal with a delayed version
of the sinusoidal does not change the frequency of
the sinusoidal (affects only the amplitude and phase),
the orthogonality across subcarriers is not lost even
in presence of multipath[6].

Since the defined cyclic prefix duration is 0.8us
duration (16 samples at 20MHz), the Rayleigh
channel is chosen to be of duration 0.5us (10 taps).

Expected Bit Error Rate

The BER for BPSK in a Rayleigh fading channel
is defined as

(Bp/No)
Fp= %(1_\/@551’%}11)

Fourier transform of a Gaussian random variable
is still has a Gaussian distribution. So, | am
expecting that the frequency response of a complex

Gaussian random variable will be still be
independent complex Gaussian random variable
over all the frequencies.

“frequency response of a complex Gaussian
random variable is also complex Gaussian.

Given so, the bit error error probability which we
have derived for BER for BPSK in Rayleigh
channel holds good even in the case of OFDM.

Simulation model

BER simulation of BPSK in a 10-tap Rayleigh

fading channel:

(a) Generation of random binary sequence

(b) BPSK modulation i.e bit O represented as -1
and bit 1 represented as +1

(c) Assigning to multiple OFDM symbols where
data sub carriers from -26 to -1 and +1 to +26 are
used, adding cyclic prefix,

(d) Convolving each OFDM symbol with a 10-tap
Rayleigh fading channel. The fading on each
symbol is independent.

(e) Concatenation of multiple symbols to form a
long transmit sequence

(f) Adding White Gaussian Noise

(9) Grouping the received vector into multiple
symbols, removing cyclic prefix

(h) Converting the time domain received symbol
into frequency domain

(i) Dividing the received symbol with the known
frequency response of the channel

(j) Taking the desired sub carriers

(k) Demodulation and conversion to bits

(I) Counting the number of bit errors

(m) Repeating for multiple values of Eb/No

The simulation results are as shown in the plot
below Figure(3).

BER for BPSK using OFDM in a 10-tap Rayleigh channel
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Figure: (3): BER plot for BPSK with OFDM modulation
in a 10-tap Rayleigh fading channel
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1H1.MMSE EQUALIZATION

In. Minimum Mean Square Error solution, for
each sample time /% we would want to find a set of

coefficients ‘3[;9] which minimizes the error

between the desired signal

signal c[k]®@y[k] e,
Where,
e[]is the error at sample time %,

cis column vector of dimension [K H 1] storing
the equalization coefficients,

¥ is column vector of dimension [K = 1]
storing the received samples,
Kis the number of taps in the equalizer,

Rys= E@S[k]:' is the cross correlation
between received sequence and input sequence ,

Ry = E{E[’E‘?JFT:' iIs the cross correlation
between received sequence and input sequence and

RWZE@FT:‘ is the auto-correlation of the
received sequence.

For solving the Minimum Mean Square Error
(MMSE) criterion, we need to find a set of

coefficients cwhich minimizesE{E[kDg.
Differentiation with respect to cand equating to 0
Simplifying,
Rsy = E(s[k]yT)
= E(s[K](hs[k]+n)")
= hT B(s2[k])+E(s[k]n)
=h

Note :

a) B(s2[k])=1is the variance of the input
signal

b) E(s[kn[k])=0 (as there is no correlation
between input signal and noise)

Simulation Model

Matlab simulation for computing BER for BPSK

with 3 tap ISI channel with MMSE Equalization:

(a) Generation of random binary sequence

(b) BPSK modulation i.e bit O represented as -1
and bit 1 represented as +1

(c) Convolving the symbols with a 3-tap fixed
fading channel.

(d) Adding White Gaussian Noise

(e) Computing the MMSE and ZF equalization
filter at the receiver

(f) Demodulation and conversion to bits

(9) Counting the number of bit errors

and the equalized

(h) Repeating for multiple values of Eb/No
The simulation results are as shown in the plot
Figure(4).

Bit error probability curve for BPSK in ISI with MMSE equalizer
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Figure: (4 ) BER plot for BPSK ina 3 tap ISI with
mmse equalizer

1IV. ALAMOUTISTBC

Three receive diversity schemes — Selection
combining, Equal Gain Combining and Maximal
Ratio Combining. All the three approaches used the
antenna array at the receiver to improve the
demodulation performance, albeit with different
levels of complexity. Time to move on to a
transmit diversity scheme where the information is
spread across multiple antennas at the transmitter.
lets discuss a popular transmit diversity scheme
called Alamouti Space Time Block Coding
(STBC)[9]. For the discussion, we will assume that
the channel is a flat fading Rayleigh multipath
channel and the modulation is BPSK.

A simple Space Time Code, suggested by
Mr. Siavash M Alamouti in his landmark October
1998 paper — A Simple Transmit Diversity
Technique for Wireless Communication[10], offers
a simple method for achieving spatial diversity with
two transmit antennas. The scheme is as follows:

1. Consider that we have a transmission

sequence,
For example {F1:¥2:%3 - = Fn}

2. In normal transmission, we will be sending *1
in the first time slot, *2in the second time slot, *3
and so on.

3. However, Alamouti suggested that we group
the symbols into groups of two. In the first time slot,
send *1and %2from the first and second antenna.

% %
In second time slot send ~*2and *1 from the first
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and second antenna. In the third time slot send *3
and T 4from the first and second antenna. In fourth

* *
time slot, send ~*4and *32 from the first and
second antenna and so on.

4. Notice that though we are grouping two
symbols, we still need two time slots to send two
symbols. Hence, there is no change in the data rate.

5. This forms the simple explanation of the
transmission scheme with Alamouti Space Time
Block coding shown in Figure: (5)-(6)

time -
x1 -x2*
space
(antenna)
x2 x1*
Figure: (6) 2-Transmit, 1-Receive Alamouti STBC

coding

Other Assumptions

1. The channel is flat fading — In simple terms, it
means that the multipath channel has only one tap.
So, the convolution operation reduces to a simple
multiplication.

2. The channel experience by each transmit
antenna is independent from the channel
experienced by other transmit antennas.

3. For the 5t*transmit antenna, each transmitted
symbol gets multiplied by a randomly varying
complex number Fi . As the channel under
consideration is a Rayleigh channel, the real and
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imaginary parts of hi are Gaussian distributed

7 =1 JE :l
ki ™ “and variance Ry T 2,

having mean
4. The channel experienced between each transmit
to the receive antenna is randomly varying in time.
However, the channel is assumed to remain constant
over two time slots.

5. On the receive antenna, the noise 7 has the
Gaussian probability density function with

—(n—u)?
dord

() = ==
P e’ with  #=0 and

Receiver with Alamouti STBC
In the first time slot, the received signal is,
x
1
Yy, =hizthozgtng =k hg][ﬁg}i—ﬂl

In the second time slot, the received signal is,
*

—z
Yo =—h1z5+hor+ng=[h1 hg][ m%]—kﬂg

Where
Y1, ¥2is the received symbol on the first and

second time slot respectively,
hiis the channel from 1% transmit antenna to
receive antenna,
h9 is the channel from 274 transmit antenna to
receive antenna,
1 , *2 are the transmitted symbols and

Tll’ t]ﬁ?ﬁd

is the noise on 1° time slots.
Since the two noise terms are independent and
identically distributed,

2
ﬂl] * |ﬂ1| 0
F nT e |y =
{lnﬁ[l E]} 0 |ﬂg|2

For convenience, the above equation can be
represented in matrix notation as follows:

Yol | A1 hal[z] [™
v3| = a3 -hi |7l T[n]
[ hy A
H = h*l h%]
Let us define | 2 —"1 ] To solve for
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T
]
[3:3 , we know that we need to find the inverse
of H .We know, for a general m x n matrix, the
pseudo inverse is defined as,

Ht=(HHE)'HH
The term,

* bk 2 2
(H ) =| hz{ 1) _ ([l g :
by —hy | b2 —h1) | 0 [ +hg

. Since this is a diagonal matrix, the inverse is just
the inverse of the diagonal elements, i.e
1

|2 Rl
]

(HHH)™ =
[B1*+HRal? |

The estimate of the transmitted symbol is,

! Y= (gHHE)'uH 31
;

= (HHE'gH (H[il}k

Jefrd)
_ [%}r(ﬂﬂ H)"lHH [E]

By compare the above equation with the estimated
symbol following equalization in Maximal Ratio
Combining, we can see that the equations are
identical.

Alamouti STBC with two receive antenna

The principle of space time block coding with 2
transmit antenna . With two receive antenna’s the
system can be modeled as shown in the figure (7)
below.

, o han W
Tx#1 — T R
—_ -
—__ h21 g
Ry » __-h-l'g - h ;
Tx#2 | Axsz

time

71 2"
space
(antenna)

2 %

v

Figure: (7) Transmit 2 Receive Alamouti STBC
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The received signal in the first time slot is,
yl hi1 h T

I :[ 11 12][1?1}4_
yi | LAt hoa][*2

Assuming that the channel remains constant for the
second time slot, the received signal is in the second
time slot is,

2
Yi :[hll hlz] -
ya |~ Lhat Aoz

where

1
™

i
g

-
Chl

1
_yﬁ_ are the received information at time slot 1 on
receive antenna 1, 2 respectively,

.
1
kol

are the received information at time slot 2 on
receive antenna 1, 2 respectlvely,hfi:iis the channel

from +*"receive antennato 7 htransmit antenna,
%1, *2are the transmitted symbols,

T

3

1
1
1 - - -
2 lare the noise at time slot 1 on receive antenna

1_, 2 respectively and

=

=
EIEI b

T

lare the noise at time slot 2 on receive antenna
1 2 respectively. Combining the equations at time
slot 1 and 2,

1 1

y% hi1  hig ﬂ%

i . hgl h%? y g

w27 || f1z A LTz -+ n3*
* *

y2* hog —hai nZ*
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Let us define

A1l A7
hot  hog
H = * *
hig —hi11 T
han —ho T
22 —31_] To solve for L™ 2], we know

that we need to find the inverse of H .
—1

H+:{HHH:' HH.Theterm,

gt )|l e gl 0

(H7H)= 0 Byt B gt P oLl
[h1)"+Ag1|* Hh1g| Hha

Since this is a diagonal matrix, the inverse is just the
inverse of the diagonal elements, i.e

1
yl- g *Hhas Aol +Aga
0

0
(HHH

1 Hha 1o +hga

The estimate of the transmitted symbol is,

1
1
T —1 Y3
Q = (HHH:I HH g#
3 Y3
ya?

V. BER with Almouti STBC

Since the estimate of the transmitted symbol with
the Alamouti STBC scheme is identical to that
obtained from MRC, the BER with above described
Alamouti scheme should be same as that for MRC.
However, there is a small catch.

With Alamouti STBC, we are transmitting from
two antennas. Hence the total transmits power in the
Alamouti scheme is twice that of that used in MRC.
To make the comparison fair, we need to make the
total transmit power from two antennas in STBC
case to be equal to that of power transmitted from a
single antenna in the MRC case. With this scaling,
we can see that BER performance of 2Tx, 1Rx
Alamouti STBC case has a roughly 3dB poorer
performance that 1Tx, 2Rx MRC case.

From the  Maximal Ratio Combining, the bit
error rate for BPSK modulation in Rayleigh channel
[8]with 1 transmit, 2 receive case is,
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Pe MRC = P%LJRC[1+2(1_I]MHC):|,

where T MREC =27 1T E /Ny |

With Alamouti 2 transmit antenna, 1 receive
antenna STBC case,

o _1_1(1+ y )—153
STBC — 2 2\ *TE;/Ng and
Bit Error Rate is
P sTRC :PESTBC[l‘FE':l_PgTB{j}]

1. There is no cross talk between 1, T2after
the equalizer.
2. The noise term is still white.

I 0

BorH s lnd gl =gA 1 olH=
0 fnyf
2

Simulation Model for BPSK in Rayleigh channel
With two transmit and one receive antenna:

The Matlab simulation performs the following

(a) Generate random binary sequence of +1’s and
-1’s.

(b) Group them into pair of two symbols

(c) Code it per the Alamouti Space Time code,
multiply the symbols with the channel and then add
white Gaussian noise.

(d) Equalize the received symbols

(e) Perform hard decision decoding and count the
bit errors

() Repeat for multiple values of Ep/Ng ang plot the
simulation and theoretical results.

The simulation results are as shown in the plot
below  Fig (8).

BER for BPSK modulation with Alamouti STBC (Rayleigh channel)
T T T
i —k— theory (nNTx=1,nRx=1)
1 —&0— theory (nTx=1,nRx=2, MRC)
9. C theory (nTx=2, nRx=1, Alamouti)
‘Q\;\sﬁg: —O— sim (nTx=2, nRx=1, Alamouti)
TN Res W1
102 R,
S
Se
X
8

!
iy

I OWHMP o]

0 |ng] 0 g haf

10

/

Bit Error Rate

10° e

‘a%&\
R
\ N

10" < B\K
*
NA
A 3
Na

5
-5 0 5 10 15 20
Eb/No, dB

Fig( 8) BER plot for BPSK in Rayleigh channel

10

With two transmit and one receive antenna
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Simulation Model for BPSK in Rayleigh channel
With two transmit and two receive antenna:
The Matlab simulation performs the following
(a) Generate random binary sequence of +1's and -
1's.
(b) Group them into pair of two symbols
(c) Code it per the Alamouti Space Time code,
multiply the symbols with the channel and then add
white Gaussian noise.
(d) Equalize the received symbols
(e) Perform hard decision decoding and count the bit
errors
(F) Repeat for multiple values of Eb/No and plot the
simulation and theoretical results.

The simulation results are as shown in the plot
below  Fig (9).

BER for BPSK modulation with 2Tx, 2Rx Alamouti STBC (Rayleigh channel)

T T
—k— theory (nTx=1,nRx=1)
—&0— theory (NTx=1,nRx=2, MRC)

theory (NTx=2, nRx=1, Alamouti)
77% ©

sim (nNTx=2, nRx=2, Alamouti)
NKL

i‘

10

10?

X
s “\%7 oy
10° “\ e
X
N\
10" \Q

o A\ Y
0 5 10 15 20 25
Eb/No, dB

Fig( 8) BER plot for BPSK in Rayleigh channel
With two transmit and two receive antenna

g

Bit Error Rate

VI. CONCLUSION

While performing Matlab simulations, the
channel model we use also plays an important role.
Mobile wireless multipath fading channels can be
simulated by discrete multipath channel models
with desired properties.

In this work we develop a generally applicable
equalization technique for space-time block coded
(STBC) MIMO orthogonal frequency division
multiplexing (OFDM) communication systems.
Maximum likelihood approaches are developed and
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Iterative solutions are proposed. The maximum
likelihood algorithm is based on iterative least
squares with projection.

We can observe that the BER performance is much
better than 1 transmit 2 receive MRC case. This is
because the effective channel concatenating the
information from 2 receive antennas over two
symbols results in a diversity order of 4. In general,
with m receive antennas, the diversity order for 2
transmit antenna Alamouti STBC is 2m.BER plots
for BPSK in Rayleigh channel
With two transmit and one receive antenna as well
as  two transmit and two receive antennas for
Alamouti case are derived and simulated.. It is also
shown that the minimum mean square error MMSE
channel estimator for OFDM transmitter diversity
systems has a lower computational complexity and
better performance by assuming that the channel is
a flat fading Rayleigh multi path channel and the
modulation is BPSK.
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