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ABSTRACT

This paper compares and improves the bit errorgattbrmance with the minimum mean squared errdvig#)
equalizer applied to wireless multiple antenna eyst (MIMO) by using Orthogonal Frequency Divisiorulliplexing
(OFDM). In Spite of much prior work on this subjethis reveal several new and surprising analytiealilts in terms of
signal-to-noise ratio (SNR) by changing the OFDMapaeters.
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INTRODUCTION

Consider the complex baseband model for wireleski-mput multi-output (MIMO) channel with Ntransmit

antennas and,Neceiver antennas
Y=Hx+z, (1)

where Y is the received signal and H is a Raylé#gting channel with independent, identically distited (i.i.d)
[4,5], circularly symmetric standard complex Gaassentries, denoted &~ N0, 1) for 1<i < N;; 1 <j < Nr. We
assume that the number of receive antennas issedian the number of transmit antennasx(N|; ) [1]. We also assume
that thenr data sub streams have uniform power, i.e.a¢""*'has covariance matrix E[Xx= GXZINF’ where E[] stands for
the expectedalue, ()" is the conjugate transpose, drdis an NxN;, identity matrix. The white Gaussian noise-

Nr(O,ozler) is also circularly symmetric. The input signalrtoise ratio (SNR) is defined as [2]
2
SNR =Z—g 2)

In this paper, we compare the bit error rate peréorce with respect to the Orthogonal Frequency sidiwi
Multiplexing (OFDM) parameters with the minimum mesquared error (MMSE) equalizer applied to thendeagiven
in (1). The linear MMSE equalizer is classic funatl blocks and is ubiquitous in digital communimas [3]. This is also

the building blocks of more advanced communicasicimemes such as the decision feedback equalizé)(DF

ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING
Orthogonality and OFDM

If the dot product of two deterministic signalseigual to zero, these signals are said to be orttedgo each
other. Orthogonality can also be viewed from thandpoint of stochastic processes. If two randoncgsses are
uncorrelated, then they are orthogonal. The randature of signals in a communications system, gghidabilistic view
of orthogonality provides an intuitive understarglof the implications of orthogonality in OFDM. ORDis implemented
in practice using the discrete Fourier transfornTl2 As we know that the sinusoids of the DFT(DeserFourier
Transform) form an orthogonal basis set, and aasign the vector space of the DFT can be repredeasea linear
combination of the orthogonal sinusoids. One vidwhe DFT is that the transform essentially cotesats input signal

with each of the sinusoidal basis functions. If ilygut signal has some energy at a certain freqyahere will be a peak
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in the correlation of the input signal and the basnusoid that is at that corresponding frequembis transform is used at
the OFDM transmitter to map an input signal onteetiof orthogonal sub carriers, i.e., the orthoybasis functions of
the DFT. Similarly, the transform is used agairthet OFDM receiver to process the received suberatriThe signals
from the sub carriers are then combined to fornestimate of the source signal from the transmiftée orthogonal and
uncorrelated nature of the sub carriers is exploiteOFDM with powerful results. Since the basiadtions of the DFT
are uncorrelated, the correlation performed inQRE for a given sub carrier only sees energy fat ttorresponding sub
carrier. The energy from other sub carriers doé¢scantribute because it is uncorrelated. This sajar of signal energy

is the reason that the OFDM sub-carriers spectaansoverlap without causing interference.
Mathematical Analysis
Mathematically, each carrier can be described@smplex wave in OFDM system
S (1) = A (H)el@c®O+oc O] (3)

The real signal is the real part of(tp A. (t) and®d(t), the amplitude and phase of the carrier, cay oa a
symbol by symbol basis. The values of the parameter constant over the symbol duration period=DE consists of

many carriers. Thus the complex signgt)3s represented by
1 _ .
Ss(t):; TN-1 gy el@n®+én(0)] “
whereo, = 0.+ NAo®

This is of course a continuous signal. If we coesithe waveforms of each component of the signat awne

symbol period, then the variableg(f) ando, (t) take on fixed values,

Which depend on the frequency of that particularieg and so can be rewritten as
On(t)= @y, An(t)=An
If the signal is sampled using a sampling frequarfcl—y, then the resulting signal is represented by

S(KT)=5N=1 A, el@onao)KT+o, (0] (®)

At this point, we have restricted the time over ethive analyze the signal to N samples. It is coi@regno
sample over the period of one data symbol. Thubave a relationship: t=NT If we now simplify Eq.(®ithout a loss of

generality by lettinguo=0, then the signal becomes
Ss(kT):Zﬁ;é A Ne[i(nAm)kT+¢n(t)] (6)
Now equation (6) can be compared with the generah of the inverse Fourier transform
1 N-1 (T arkn
g(KT)=- ZN=3.GGC)ew )
In Eq.(7) the function 4eJ®™ is no more than a definition of the signal in Sampled frequency domain, and

S(KT) is the time domain representation. Eqns @) @) are equivalent if;

Ao 1 1
Af:—:—:—
2m NT T

This is the same condition that was required fothagonality Thus, one consequence of maintaining

orthogonality is that the OFDM signal can be deliby using Fourier transform procedures.
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OFDM Generation and Reception

Figure (1) shows the block diagram of a typical ®FBansceiver [2]. The transmitter section convelitgtal
data to be transmitted, into a mapping of subcaameplitude and phase. It then transforms this tspleepresentation of
the data into the time domain using an Inverse BiscFourier Transform (IDFT). The Inverse Fastr@uTransform
(IFFT) performs the same operations as an IDFTepixthat it is much more computationally efficienapd so is used in

all practical systems. In order to transmit the ®FBignal the calculated time domain signal is timeixed up to the

Cyelic
IFFT prefix
insertion

Paralle] Nemapping Cyelic Senial (0
| to [ And " FFT # prefix parallel )

sental Demodulation extraction converter

required frequency.

REEIA

Parallel ;\
to serial ->< >
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Figure 1: Block Diagram of a Basic OFDM Transceiver

The receiver performs the reverse operation ofrdmesmitter, mixing the RF signal to base bandpfacessing,
then using a Fast Fourier Transform (FFT) to aralye signal in the frequency domain [3]. The atagk and phase of
the sub carriers is then picked out and convertaak bo digital data. The IFFT and the FFT are cemgntary function
and the most appropriate term depends on whetkesigimal is being received or generated. In caseserthe signal is

independent of this distinction then the term FiR@ B-FT is used interchangeably.
Serial to Parallel Conversion

Data to be transmitted is typically in the formeo$erial data stream. In OFDM, each symbol typicafinsmits
40 - 4000 bits, and so a serial to parallel congarstage is needed to convert the input seriadtb@am to the data to be
transmitted in each OFDM symbol. The data allocatedach symbol depends on the modulation Scheex arsd the
number of sub carriers. At the receiver the reverseess takes place, with the data from the suiecaibeing converted
back to the original serial data stream. When aDKdRransmission occurs in a multipath radio enviremt, frequency
selective fading can result in groups of sub cesrieing heavily attenuated, which in turn can ltasubit errors. These
nulls in the frequency response of the channel @arse the information sent in neighboring carrterbe destroyed,
resulting in a clustering of the bit errors in eagimbol. Most Forward Error Correction (FEC) scher@nd to work more
effectively if the errors are spread evenly, ratliem in large clusters, and so to improve thegoerdnce most systems
employ data scrambling as part of the serial talpgrconversion stage. This is implemented by cemiding the sub
carrier allocation of each sequential data bit.ti# receiver the reverse scrambling is used to dkedtbe signal. This
restores the original sequencing of the data bits spreads clusters of bit errors so that theyapproximately uniformly
distributed in time. This randomization of the lboa of the bit errors improves the performancetted FEC and the

system as a whole.
Guard Period

For a given system bandwidth the symbol rate forGFDM signal is much lower than a single carrier
transmission scheme. For a single carrier BPSK matida, the symbol rate corresponds to the bit odine transmission.

However for OFDM the system bandwidth is brokenintp nr sub carriers, resulting in a symbol ratattls nr times
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lower than the single carrier transmission. Thig &ymbol rate makes OFDM naturally resistant te&# of Inter-Symbol
Interference (ISI) caused by multipath propagatibtultipath propagation is caused by the radio tmgission signal
reflecting off objects in the propagation envirommé-igure (2) shows the addition of guard perm®#DM system.

-
Lopy i
./I "

'J.f.: - FUAT - 1 ¥ Guar - 'I:
Cirer 1:9"*: IFFT ouput]  § 30 IFFTAN
', 1 1 1 ’
I I I _I-nE/.
] i : L
Ei—b:-d—ll
I Tg Terr I
i i
i
Symbol N-1° : ) Ta F: Symbol N+1
Symbol N

Figure 2: Addition of a Guard Period to an OFDM Sigal

These multiple signals arrive at the receiver #edint times due to the transmission distancesdodifferent.
This spreads the symbol boundaries causing eneakage between them. The effect of ISI on an OFiMas can be
further improved by the addition of a guard pertodthe start of each symbol. This guard period yelic copy that
extends the length of the symbol waveform. Eachcarbier, in the data section of the symbol, ({tee OFDM symbol
with no guard period added, which is equal to #megth of the IFFT size used to generate the sigmad)an integer
number of cycles. Because of this, placing copieshe symbol end-to-end results in a continuousaigwith no
discontinuities at the joins. Thus by copying tinel ®f a symbol and appending this to the startli®sua longer symbol
time. The total length of the symbol ig=T ¢ + Terr, where Tis the total length of the symbol in sampleg,igthe length
of the guard period in samples, anglis the size of the IFFT used to generate the ORyval. In addition to protecting
the OFDM from ISI, the guard period also providest@ction against time-offset errors in the rece[6e7,8].

Protection against Time Offset

To decode the OFDM signal the receiver has to th&d-FT of each received symbol, to work out thasghand
amplitude of the sub carriers. For an OFDM systhat has the same sample rate for both the tramsnaitid receiver, it
must use The same FFT size at both the receivetransimitted signal in order to maintain sub camighogonality. Each
received symbol hasgl+ T samples due to the added guard period. The raceilg needs #-r samples of the
received symbol to decode the signal. The remaimiggamples are redundant and are not needed. Fdeahdhannel
with no delay spread the receiver can pick any tifiget, up to the length of the guard period, atilll get the correct
number of samples, without crossing a symbol bopndgecause of the cyclic nature of the guard medbanging the
time offset simply results in a phase rotation bftlee sub carriers in the signal. The amount @ fhhase rotation is
proportional to the sub carrier frequency, withud sarrier at the Nyquist frequency changing by°1®8® each sample
time offset. Provided the time offset is held canstfrom symbol to symbol, the phase rotation adua time offset can be
removed out as part of the channel equalizatiormutttipath environments ISI reduces the effectmegth of the guard
period leading to a corresponding reduction inghewable time offset error. The addition of gugetiod removes most
of the effects of ISI. However in practice, multipgomponents tend to decay slowly with time, résglin some ISI even

when a relatively long guard period is used [9,10].
Guard Period Overhead and Sub Carrier Spacing

Adding a guard period lowers the symbol rate, hawdt does not affect the sub carrier spacing dsethe

receiver. The sub carrier spacing is determinethbysample rate and the FFT size used to analgzeteived signal.
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F
Af==2

NFFT

In above equatiomf is the sub carrier spacing in Hz, Fs is the samate in Hz, and My is the size of the FFT.

The guard period adds time overhead, decreasingvittall spectral efficiency of the system.
MMSE EQUALIZER

In this paper, The MMSE Equalizer algorithm is uaéthe receiver of the OFDM system to improvelthesrror
rate. Consider the MIMO channel model given in Etnwhere theN data sub streams are mixed by the channel matrix.

The MMSE equalizer can be applied to decoupleNtBab streams. The MMSE equalization matrices are
& 1 - *
Winmse = ( HH +ﬁ| ) 'H

Left multiplying the received signal vector y by,W., we obtaimr decoupled sub streams with output SNRs

SNR

——— —L1<n<N;
[(H*H"'ml) Inn

Pmmse,n=

Here [} denotes the ff' diagonal element. Denoteg, the nth column of H and Hhe submatrix obtained by

striking h, out of H. Hence
[(H H)]nn = hn*hn - hn*Hn(Hn*Hn)_lHn*hn
That

SNR

- * 1 -
[ (hp"hp = hy"Hy(Hp"Hp) ™! Hy"hy + Sng!) nn

Pmmse,n—

* * 1 -1
=[ (hy"hy — by Hy (Ho'Hy + =1 ) Hy'hy ) ISNR,
1<n<N,.
MIMO WITH MMSE EQUALIZER

In a 2x2 MIMO channel, consider that we have admgission sequence, for example,{X;,Xs, X4}, In normal
transmission, we will be sending ix the first time slot, xin the second time slotzand so on. However, as we now have
2 transmit antennas, we may group the symbolsgraaps of two. In the first time slot, sendand % from the first and
second antenna. In second time slot, serahkl % from the first and second antenna; seqdnd % in the third time slot

and so on. Notice that as we are grouping two sysndiod sending them in one time slot, we need %tiiyle slots to

complete the transmission hence the data rate ubleld. This forms the simple explanation of a pleaMIMO

transmission scheme with 2 transmit antennas aedeive antennas.
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Figure 3: 2 Transmit and 2 Receive (2x2) MIMO Chanel
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In this paper, we are assuming that the chanridtifading, it means that the multipath channed baly one tap.
So, the convolution operation reduces to a simpldtipication and the channel experience by each transmit antisnna
independent from the channel experienced by otiaasmit antennas. For th fransmit antenna td’jreceive antenna,

each transmitted symbol gets multiplied by a rangiararying complex numberh

As the channel under consideration is a Rayleighinobl, the real and imaginary parts ¢f &re Gaussian
distributed having mean,gand varianceszhi,j =%. The channel experienced between each transitfieteceive antenna is
independent and randomly varying in time. On theeiee antenna, the noise n has the Gaussian plivpat@nsity

function with

1 —mw? o s N
P(n) onoz € 202 with @ =0 ands =

The channel i is known at the receiver. Let us understand thihemaatics for extracting the two symbols which

interfered with each other. In the first time skbig received signal on the first receive antesna i
X1
Y1=hyaXa + by Xo+ng =[ h1,1h1,2][X2]+n1
The received signal on the second receive antenna i
X1
Yo=hp1X1 + o Xo+np =[ hp 1 hp 5] [X2]+ n

Where Y, and Y, are the received symbol on the first and secondnaat respectively.;h is the channel from
first transmit antenna to first receive antenng.itthe channel from second transmit antenna toficeive antennashis
the channel from first transmit antenna to secaegkive antenna.,h is the channel from second transmit antenna to
second receive antenng X, are the transmitted symbols and, myis the noise on first and second receive anteiias.

assume that the receiver knows hh », hp ; and B ,. The receiver also knows gnd y. Hence

Yi,  [hi1 hl,Z] X n;
[YZ - h2,1 h2,2 [x2]+[n2]
Equivalently,

Y=Hx+n

The Minimum Mean Square Error (MMSE) approach tteeind a coefficient W which minimizes the critanm,
E{[ Wy —x ][ Wy-x]"}

Solving,

W=[H"H + N I] " H"

NUMERICAL EXAMPLE USING MATLAB
Case 1

In this paper, the simulation is being done by gdile MATLAB and the step by step procedure to fihd
results of bit error rate with the prescribed cqisds being described. Figure (4) shows the biretate with MMSE
equalizer, BPSK modulation and 2x2 MIMO but with@fDM system. It is clearly seen from the simulatiesult that,

in increase SNR the bit error get decrease.
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BER for EPSIKK modulation with 212 MIMO and MMSE equalizer (Rayleigh channel)

—e—sim (nTx=2, nRx=2, MMSE) |

-1

Bit Error Rate

L L L L L
o a 10 15 20 25 30
Awverage Signal to Moise Ratio in db

Figure 4: BER with MIMO and MMSE without OFDM
Case 2

Figure (5) represents the simulation result ofbibr rate reduction in OFDM system using MMSE digea and
the parameter are selected as Number of transquistimennas()l = 3, Number of receiving antennag(&+ 2, Frame
length(FL) = 50,Channel Order(L) = 5, Cyclic Prefiength (CP) = 16 and FFT Size (FS) is varied frbénto 512 and

then corresponding results are compared. The |dwestror rate is found at FFT Size = 512.

N CFDM with MVESE aid muifish FFT ool (53 8=2)

Aatigh il o s i

Figure 5: MIMO OFDM with MMSE and Multiple FFT Poin t (N=3, N=2)

Case 3
Figure (6) represents the simulation result okbior rate reduction in OFDM system using MMSE digea and
the parameter are selected a2, N = 2, FL = 50, L=5, CP= 16 and FS is varied fromtd 612 and then corresponding

results are compared. The lowest bit error rafeuad at FS= 512 and at higher value of FS aft&, BER does not get

remarkable reduction.

M P8 i AASE and g FFT e
[} T T T
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Figure 6: MIMO OFDM with MMSE and Multi Point FFT ( N;=2=N;)
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Case 4

Figure (7) represents the simulation result ofbibr rate reduction in OFDM system using MMSE digea and
the parameter are selected as=NN, = 3, FL = 50, L=5, CP= 16 and FS is varied fromtd&12 and then corresponding
results are compared. The lowest bit error rafeuad at FS= 512 and at higher value of FS aft&, BER does not get

remarkable reduction.

i) CFDMwith MMISE and mubils FFT paink (=3, =)

0 T T

=18

Figure 7: MIMO OFDM with MMSE and Multi Point FFT ( N:=3=N;)
Case 5

Figure (8) represents the simulation result okbior rate reduction in OFDM system using MMSE digea and
the parameter are selected as=NN, = 4, FL = 50, L=5, CP= 16 and FS is varied fromtd&12 and then corresponding
results are compared.

The lowest bit error rate is found at FS= 512 antigher value of FS after 512, BER does not getarkable

reduction.

MMO CFOM wih WMSE and il gont 7T =4 et

1 sty i o

Figure 8: MIMO OFDM with MMSE and Multi Point FFT ( Ni=4=N;)

Case 6

Figure (9) represents the simulation result okbior rate reduction in OFDM system using MMSE digea and
the parameter are selected as=NN, = 5, FL = 50, L=5, CP= 16 and FS is varied fromtd&12 and then corresponding
results are compared.

The lowest bit error rate is found at FS= 512 antigher value of FS after 512, BER does not getarkable

reduction.
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Case 7

Figure 9: MIMO OFDM with MMSE and Multi Point FFT ( N=5=N,)

Figure (10) represents the simulation result ofelbibr rate reduction in OFDM system using MMSE aiqer.

The FL, Number of antennas, and CP are variedeat 8256 and a comparison is made as shown irefigur

arige sgnal s rae ralifn &)

Figure 10: MIMO OFDM with MMSE and Different Parame ters

CONCLUSIONS

Multi-path propagation leads to ISI in receivednsily To eliminate ISI, we need to equalize the ikazk signal.

MMSE equalizer is employed in time domain for thigpose. The BER performance improves significanfing these

equalizers, but still I1SI is not eliminated complgt The BER is approaching theoretical limits. Waan be done to

further improve BER and reliability. Work can berther extended in more general Nakagamchannels. Also

performance can be investigated in other novel lexgra.
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