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7 Abstract

s This paper represents a bit error rate performance analysis of multiple-input-multiple-output
o orthogonal frequency division multiplexing (MIMO-OFDM) system with Alamouti Space

10 Time Block Code (STBC) and Maximal Ratio Combining (MRC) diversity scheme over

1 Rayleigh fading channel. Recently, Alamouti STBC has gained much attention as an effective
12 transmit diversity scheme to provide reliable transmission with high peak data rates to

13 increase the capacity of wireless communication system. In this paper, the analysis of

12 Alamouti STBC is used in MIMO-OFDM system to assure transmit diversity and the receive
15 diversity is resolved with MRC diversity technique. For a fixed number of transmit antennas,
16 the performance of Alamouti STBC is analyzed in terms of probability of bit error and

17 diversity gain for a Rayleigh fading channel. At the receiving end, the signals received from
18 multiple paths are weighted and summed in accordance with MRC scheme which provides

10 maximum performance improvement by maximizing the SNR of the MIMO-OFDM system.
20 The simulated results depict that the proposed MIMO-OFDM system concatenated with

21 Alamouti STBC and MRC outperforms conventional SISO-OFDM, MISO-OFDM with

22 Alamouti STBC and SIMO- OFDM with MRC technique in a scattering environment.

23

24 Index terms— Alamouti STBC, BPSK modulation, BER, MRC diversity, MIMO, OFDM, Rayleigh channel,

25 SNR.
26 rthogonal frequency division multiplexing (OFDM) is an emerging technique for high data rate wireless

27 communication systems over frequency selective channels and can be considered as one of the most promising
28 techniques for future wireless system. However, it is well known that OFDM-based systems are sensitive to
29 the inter-carrier interference (ICI) generated by a carrier frequency offset (CFO), which degrades the error
30 probability performance for both single-antenna OFDM systems [1]. Moreover, in a multipath fading environment,
31 performances of OFDM system in a wireless channel are severely degraded by random variations in the amplitude
32 of the received signals as well as by the presence of inter-symbolinterference (ISI) and inter-carrier-interference
33 (ICI) which also limit the OFDM system performance. To address these challenges, a promising combination has
34 been exploited [2], namely, MIMO with OFDM which has already been adopted for present and future broadband
35 communication standards such as LTE or WiMax.

36 Alamouti coded OFDM is one type of MISO-OFDM system using the Alamouti code proposed by Siavash M
37 .Alamouti in 1998 as a space time block code for transmit diversity which uses two transmit antennas and one
38 receive antenna [3]. A simple space-time coded orthogonal frequency division multiplexing (OFDM) transmitter
39 diversity technique for wireless communications over frequency selective fading channels is presented in [4]. The
a0 BER performance of an OFDM system with diversity, in particular Orthogonal Space Time Block Code (OSTBC)
41 systems have been analyzed including a broadband nonlinear power amplifier and closed-form expressions is
42 analyzed in [5]. In [6], a detailed study of diversity coding for MIMO systems including Alamouti’s STBC for 2
43 transmit antennas as well as orthogonal STBC for 3 and 4 transmit antennas was explored.
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BER Analysis of MIMO-OFDM System using Alamouti STBC and MRC
Diversity Scheme over Rayleigh Multipath Channel

However, it is well known that MRC as receive diversity provides the maximum performance relative to all
other diversity combining schemes by maximizing the SNR at the combiner output. Recently, in the advanced
mobile systems, MRC scheme shows the best performance and it tends to be the mostly employed among other
diversity schemes ?777]. A BER of OFDM with MRC diversity and pulse shaping in Rayleigh fading environments
was analyzed in [8].

Although, the performance of Alamouti STBC and maximal ratio combining has been investigated, their
performance evaluation and application to OFDM system are not available in the literatures [4,5, ??7,12]. The
works in this paper are as follows: Firstly, the probability of error and hence effective SNR expressions are derived
for a multiple-input-multiple-output (MIMO) OFDM system employing the MRC diversity technique as receive
diversity and Alamouti Coded OFDM as transmit diversity. Secondly, MATLAB simulations are represented to
evaluate the BER with respect to SNR to analyse the MIMO-OFDM system performance applying both Alamouti
STBC and MRC diversity over Rayleigh fading channel. Thirdly, a comparison among the SISO, MISO, SIMO
and MIMO in OFDM system is made that ensures MIMO-OFDM is the preferable technique for present and
future broadband communication standards such as Long Term Evolution (LTE) or Worldwide Interoperability
for Microwave Access (WiMax).

The rest of the paper is organized as follows: Section II-III represents OFDM system model with MIMO
implementation. Section IV gives a simple overview about the Raleigh multipath fading channel. In section V-VI,
Alamouti STBC and MRC diversity are discussed in OFDM application. The simulated results are represented
and discussed in section VII. At last, a conclusion of the research work is made in section VIII.

OFDM is simply defined as a form of multicarrier modulation where the carrier spacing is carefully selected
so that each subcarrier is orthogonal to the other subcarriers. The architectures of a typical OFDM transmitter
and receiver are shown as an OFDM transceiver in Fig- 1. In the transmitting end, the incoming modulated
serial bits are converted into parallel streams by using a serial to parallel converter. These parallel bit streams
are subjected to Inverse Fast Fourier Transform (IFFT) block for baseband OFDM modulation. To prevent
overlapping of the data at the receiver, Cyclic Prefix (CP) is inserted whose duration is one fourth of the total
OFDM symbol duration. The modulated data are sent to the channel through a digital-to-analog converter. At
the receiver side, firstly the data is received through N linear receivers followed by a linear combiner. This linear
combiner is designed in such a way that the output SNR is maximized at each instant of time. Then this data
is converted again to the digital domain by passing it through an analog to digital converter. After removing
the cyclic prefix, data are again converted into serial to parallel by a serial-toparallel converter. These parallel
bit streams are demodulated using Fast Fourier Transform (FFT) to get back the original data by converting
parallel bit streams into a serial bit stream. Denote X 1 (1=0, 1, 2,77 N-1) as the modulated symbols of the light
transmitting subcarrier of OFDM symbol at the transmitter, which are assumed to be independent, zero-mean
random variables, with average power ? x 2 . The complex baseband OFDM signal at output of the IFFT can
be written [13] asnl NjN1lneXNX?21017 77 7 (1)

where N is the total number of subcarriers and the OFDM symbol duration is T seconds. At the receiver the
received OFDM signal is mixed with local oscillator signal, with the frequency offset deviated from the carrier
frequency of the received signal owing to frequency estimation error or Doppler velocity, the received signal is

where fT Njneh ? 7 2 and z n represent the channel impulse response, the corresponding frequency offset at
the sampling instants. Assuming that a cyclic prefix is employed; the receiver has perfect time synchronization.
Then the output of the FFT in frequency domain signal on the k th receiving subcarrier becomes [13]: k N 1k 1
11kZYHXX??2?7?277210?27?27727272?21,0NkllkklllokkZYHXUHX@3)??7?2777?77?7?
10)(21NnfTklnNjkleNY?(4)

When the channel is flat, Y l-k can be considered as a complex weighting function of the transmitted data
symbols in frequency domain.

Consider a MIMO-OFDM system as shown in Fig- 2 which uses N subcarriers with N T antennas at the
transmitter and N R antennas at the receiver. We assume independent channel coefficients in the T R N N 7
channel matrix, H k , for all subcarriers k. We assume that the sampled impulse response of the channel is shorter
than the cyclic prefix. After removing the cyclic prefix, the channel for the k-th subcarrier after the DFT, can
then be described as a T R N N ? complex channel matrix, H k . The received vector of the k-th subcarrier can
be written as Where the channel matrix for the k-th subcarrierk k k Kn SHR ?? (5)Hkisa TRN N ?

The entries, k ij H , are the (narrow band, flat fading) complex channel gains between the j th transmit antenna
and the i th receive antenna.

In this investigation, we assume that the channel is flat fading. In simple terms, it means that the multipath
channel has only one tap. Rayleigh channel is modeled with a circularly symmetric complex Gaussian random
variable having the following form:im re jh h h ? ? (7)

The real and imaginary parts are zero mean independent and identically distributed Gaussian random variables
with mean 0 and variance 2 7 . The probability density function of the magnitude h of complex Gaussian random
variable has been defined which is expressed [14] as2222)(? 2 hehh P 7 ? (8)

The received signal in a Rayleigh fading channel is of the formmn hx y ? 7 (9)
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Here y is the received symbol and h is the complex scaling factor corresponding to Rayleigh multipath channel,
x is the transmitted symbol and n is the Additive White Gaussian Noise (AWGN). The channel is randomly
varying in time. It means that each transmitted symbol gets multiplied by a randomly varying complex number
h. Since h is modeled as Rayleigh channel, the real and imaginary parts are Gaussian distributed having mean
0 and variance %.

A single-user Alamouti coded OFDM system with two transmit antennas and one receive antenna is shown
in Fig. ?7?7. Two SISO channels from the two transmit antennas to the receive antenna are assumed to be both
time-and frequency selective. They both have a maximum channel delay spread that is smaller than the OFDM
cyclic prefix (CP) length L.

We assume the OFDM system has N subcarriers, N A of which are active. The remainingA VN NN ? 7

virtual subcarriers are used as frequency guard bands, with 2 / V N virtual carriers on both ends of the
spectral band. The bit streams at the transmitter are grouped and mapped into complex symbols. Since we
assume the channel delay spread is smaller than the CP length L, after removing the CP at the receiver, it is
enough to consider only the two consecutive OFDM symbols which constitute an Alamouti code word.

Assume Si,i =1, 2 are the two consecutive OFDM symbols which can be written as? ? TN TiTNiV V
O0sOs12/12/777(10)

where the 0’s indicate the guard bands and i s is the data vector of lengthV A N N N 7 ?

, which yields of a set of data symbols with power two consecutive OFDM symbol periods can be written [9]
as? 7?77121,211,11lnsFHsFHyHH??7?7 (11)?7777212,222,12nsFHsFHyHH??
7777 (12)

where? iy is the received 1 ? N vector in i th symbol period, ? j i

H , is the time domain N N ? channel matrix between transmit antenna i and the receive antenna in symbol
period j and? i nis the 1 7 N

circularly symmetric zero-mean white complex Gaussian random noise. After the serial/parallel conversion,
the FF'T operation converts the received time-domain signal back to the frequency domain. Before the FFT, a
timedomain receiver window is often used to make the frequency-domain channel matrix more banded [10]. In
that case, we obtain.? 2 1 1 1 FWn FWy y 7?7 7 (13) 7 7 222

FWn FWy y ? ? (14) where W=diag(w) with w the time-domain receiver window. Note that for classical
OFDM, we have W = I N. Stacking y 1 and ? 2 * in one vector, we obtain.? ? 2 2?7?7272 2?7?7722 7?2777?7
?7T?7???T?T?T?Y?YT?7°?21212,12,21,21,121nnssHHHHyy (15)

In order to allow for low-complexity equalization, we approximate the frequency domain channel matrix j i H
, by its banded versionQ jiji HB 7?7 7, ,(16)

where Effective bit energy to noise ratio in N receive antenna case is N times the bit energy to noise ratio for
single antenna case. In case of a two-fold diversity scheme, the combining equation is given by:Q 7 is the N N 7
Toeplitz matrixk kkkkzrzrz22217 7 (23)

where, r 1k and r 2k represent the instantaneous envelopes of the signals received at each of the diversity
branches. The SNR per bit at the output of the maximal ratio combiner can be written as: For large values of
N, a closed form expression does exist for this problem given by [11]:? 7?2 2?7 ? Nk NkkobkRNET~! ) 1
(V12(41NNNPNce????27?27227272777(27)

From the above equation it can be inferred that the P e varies as ¢ 7 raises to the N th power. Thus, with
MRC, the BER decreases inversely with the N th power of the SNR.

In order to make an investigation of performance analysis of the MIMO-OFDM system with Alamouti Space
Time Block Code as the transmit diversity and MRC diversity technique as the receive diversity over a Rayleigh
fading channel, we deal with MATLAB simulation using the parameters based on IEEE802.a standard. BPSK
modulation was used to determine the BER versus SNR performance of the system. We consider an MIMO-
OFDM system with N = 64 subcarriers, CP length L =16 over Rayleigh fading channel.

1 a) Simulated BER of OFDM without diversity

Here we represent the BER performance of BPSK digital modulation with a simple OFDM system over Rayleigh
fading channel. The result involved with this SISO-OFDM system shows the BER performance as a function of
the energy per bit to noise ratio. Fig- 5 shows the BER Vs SNR curve for the OFDM system with one transmit
antenna and one receive antenna (i.e., SISO-OFDM) for a Rayleigh fading environment. However, it is seen from
the figure that as the energy per bit to noise ratio increases in the system, a decrement in the bit error rate is
encountered. Alamouti Space Time Code is a simple Transmit diversity that offers a simple method for achieving
spatial diversity with two transmit antennas. Using two transmit antennas and one receive antenna the scheme
provides the same diversity order as maximal-ratio combining (MRC) with one transmit antenna, and two receive
antennas. The Alamouti STBC as a transmit diversity associated with OFDM system forms a MISO-OFDM
system we are calling here so far. The channel experienced by each transmit antenna is independent from the
channel experienced by other transmit antennas. For the i th transmit antenna, each transmitted symbol gets
multiplied by a randomly varying complex number h i . As the channel under consideration is a Rayleigh channel,
the real and imaginary parts of h i are Gaussian distributed having mean pn=0 and variance 2 1 2 ? ? . 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. The simulated BER versus SNR performance of
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Alamouti STBC as a transmit diversity involved with OFDM system has been shown in Fig- 6 in a multipath
fading channel. It is depicted from the figure that to keep a BER at 10 -4, the SNR gain is 17dB and with BER
at 10 -3, the SNR gain is 12dB. Hence the simulated result shows that the more the bit error rate decreases, the
curve moves more downward. This figure shows that the effective SNR gain increases with increasing number of
receiving antenna. It also illustrates that the gain increases at a high rate till the number of receiving antenna be
eight. In Fig- 8, we investigate the performance analysis of MIMO-OFDM system employing both the transmit
diversity and receive diversity over a Rayleigh fading channel. In the transmitting end, we incorporate with
Alamouti STBC as the transmit diversity with two transmit antenna and one receive antenna. With the help of
simulation result, it is pointed out from the figure that the proposed Alamouti STBC gives a BER of

2 17

antenna configuration provides a diversity gain of 5dB at BER of 10 -2 which is 3dB better improvement than the
two branch Alamouti STBC. This 3-dB penalty is incurred because each transmit antenna radiates half the energy
in order to ensure the same total radiated power as with one transmit antenna. If the BER was drawn against the
average SNR per transmit antenna, then the performance curves for the new scheme would shift 3 dB to the left
and overlap with the MRC curves. In the latter case, we examine the performance of the MIMO-OFDM system
improved by both the schemes. The Alamouti STBC is confined to two transmit antenna while at the transmitter
the number of receiving antenna is increased in accordance with MRC scheme. In this paper, the performance of
the MIMO-OFDM system has been analyzed with the use of Alamouti STBC and MRC technique as the transmit
and receive diversity respectively over a Rayleigh multipath fading channel. The Alamouti STBC is the only
STBC that can achieve its full diversity gain without needing to sacrifice its data rate, this property usually gives
Alamouti’s code a significant advantage over the higher-order STBCs even though they achieve a better errorrate
performance. Maximal Ratio Combiner is the optimum combiner for independent Rayleigh fading and AWGN
channels. The simulation result represents that the performance of the Alamouti scheme with two transmitters
and a single receiver is 3 dB worse than MRC diversity with one transmit and two receive antenna. However, the
3-dB penalty is incurred because the simulations assume that each transmit antenna radiates half the energy in
order to ensure the same total radiated power as with one transmit antenna. If each transmit antenna in the new
scheme was to radiate the same energy as the single transmit antenna for MRC, however, the performance would
be identical. From the simulation result, it is clear that the proposed MIMO-OFDM system concatenated with
Alamouti STBC and MRC diversity provides maximum SNR improvement with minimum BER as compared to
both MISO-OFDM or SIMO-OFDM system with either Alamouti STBC or MRC scheme respectively. 4 BB
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