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Abstract—Wireless communication is a key area of research
with increasing demand of high data rate applications at a
low cost. Multiple input multiple output - orthogonal
frequency division multiplexing (MIMO-OFDM) is the most
promising technology for high spectral efficiency and for very
high data throughput. Despite of being an emerging
technology, it has to face a major challenge of carrier
frequency offset (CFO) error, which causes inter carrier
interference that ultimately leads to loss of orthogonality. This
paper provides an intuitive knowledge of the concept used in
the estimation of Channel distortion and CFO.
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l. INTRODUCTION

With the growing mobile radio communication systems performance.

Orthogonal Frequency Division Multiplexing (OFDMps
been considered as the essence of most 4G comrtianica
systems, fixed Wi-Fi system, mobile Wi-Fi systenxefi
WIMAX system mobile WIMAX system and Long Term
Evolution (LTE system)[1]. OFDM is a Multi-carrier
Modulation (MCM) scheme in which #&rge number of
closely spaced orthogonal sub-carrier signals seel to carry
data on several parallel data streams or chanhgitike
Frequency Division Multiple Access (FDMA), OFDM sse
the spectrum much more efficiently by spacing thanmels
closer together. OFDM is a promising technology tioé
future communication system.

In recent years, direct conversion receiver hasvara lot of
attention due to its low power consumption and
implementation cost. However, some mismatches ectli
conversion receiver
performance, such as in-phase and quadrature-pihage
imbalance and carrier frequency offset (CFO). Th@ |
imbalance is due to the amplitude and phase misrestc
between the | and Q-branch of the local oscillatbereas the
CFO is due to the mismatch of carrier frequencythet
transmitter and receiver. It is known [5] that CE&h cause a
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serious inter-carrier interference (ICl) in OFDM swms.
Channel distortion is an important factor which eaff
MIMO-OFDM communication system and can be estimated
using training sequences in the channel. There Heaen
many reports in the literature on the estimationcbénnel
distortion and CFO [1]-[6]. In [3] assuming thattkhannel
frequency response is smooth, a frequency-doméaimagfon
method has been proposed to estimate the charstettitin
and CFO. Recently, exploiting the fact that theesif the
DFT matrix is usually larger than the channel Iéngm
OFDM systems, a time-domain method was proposdd]in
for the estimation of channel distortion and CF@ttBthe
frequency-domain and time-domain methods need onky
OFDM block for training sequence and can achievgoaed
For CFO estimation, a low complexity
maximum likelihood (ML) technique was proposed6i [
Recently, there have been a lot of interests inkioimg the
OFDM systems with the multiple-input multiple-outpu
(MIMO) technique. These systems are known as MIMO
OFDM systems. Many methods have been proposedab de
with the channel estimation in MIMO OFDM system$ief
these methods is to send the training sequencesvtkto the
receiver) from the transmitter. The design of firan
sequences for MIMO OFDM systems was investigatg®]in
[12]. In [9], the author derived a special classth#d optimal
training sequences in one OFDM block. The geneasition

for the optimal sequences and the conditions fagirth
existence were derived in [10] and [11] respectivElowever

lowthese methods assume that there is no mismatdiedbtal

oscillators. Several methods have been developedthi®

can seriously degrade the mysteestimation of the channel distortion and CFO misinas

[13]-[21]. In [16], the authors derived the Cranfae bound
(CRB) for the joint estimation of CFO and chanredponse
for MIMO systems. The design of training sequenoe f
MIMO OFDM systems in the presence of CFO was
investigated in [17][18]. In [19], the authors usexhogonal
training sequences for CFO estimation. In [20], #wthors
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studied the blind carrier estimation method in MINBBFDM  pilot insertion and cyclic prefix (CP) or cyclic texsion
systems. Both the data-aided and the non-data-awsddods before the final transmission. In MIMO OFDM systexh
were investigated in [23]. Most of these methodednmore  different signals are transmitted simultaneouslyerothe
than one training block to achieve a good perfomeain this channel paths Ni>x N,) and each received signal is a
paper, we extend the method in [1] for the estiomatf CFO  combination of transmitted signal and distortiomsed5]. The
and channel response in MIMO-OFDM systems. Byreceiver must estimate and correct the possiblebelerrors
introducing a concept called channel residual ené@RE), and frequency offsets. At the receiver CP is rerdomed N-
we propose a new estimation method that needs oméy point FFT is performed per receiver branch. In ffaper, the
OFDM block for training sequences. estimation of channel distortion and
CFO is based on the single carrier processing ithpties
. MIMO-OFDM SYSTEMARCHITECTURE MIMO detection has to be done per OFDM subcarridgre
Multiple input multiple output (MIMO) is the use afiultiple  yecejved signals of subcarrier k are routed toKReVIMO
antennas at both the transmitter and receiver tprawe  gecoder to recover all ths, transmitted data signals on the
performance of the communication system. MIMOgypcarrier. After the transmitted symbol the traission

technology has gained lots of attention in wirelesptenna is combined and then proceeded for theegubst
communication systems because it offers significacieases  gperations like demodulation and decoding.

in data throughput and link range without additiona

bandwidth. The combination of MIMO with OFDM is lhes M. CEO : AN OVERVIEW

technology  for  fourth  generation  (4G)  wireless The OFDM systems are very sensitive to CFO andntimi
communications. However, the high data rate perowe of  therefore, before demodulating the OFDM signalstra

the MIMO OFDM system is very sensitive to CFO which recejver side, the receiver must be synchronizethdotime

introduces ICI. frame and carrier frequency which has been tratstifThe
degradation in the performance of MIMO-OFDM is daghe
Ant( Ant0 existence of CFO and channel distortion. CFO ocevhien
»  the local oscillator signal for down conversiorntlie receiver
i& IFFT RE]::{?‘T :rg FFT | :S'é does not synchronize with carrier signal contairedthe
received signal. CFO always exists because tratesnand
receiver never oscillate at identical frequenci€berefore
FEQ there is always a difference between the carrieguencies
: that is generated in the receiver with the one ihgenerated
. X, AntNr- . L in transmitter; this difference is cal’led frequendiset i.e.
e T Y -~ =Y 0V i foriser=fe - fc
- [FFT — AC]%D h"""l-'\"‘l[n) RH?:I?\E = F i = Where, { is the carrier frequency in the transmitter andi$
the carrier frequency in receiver.

3

Fig. 1. Vector Model of MIMO OFDM System

MIMO-OFDM system is a combination of MIMO and - AWAWI WA
OFDM techniques to achieve the high spectral efficy and [\
increased data rate. MIMO-OFDM system transmits A O B
independent modulated signals from multiple antsnna ,-" B ¥
simultaneously [4]. At the receiver, input dataréceived, \f t
MIMO decoding on each of sub channels extracts diig A '
from all the transmitted antenna data on all thechannels. =

From the figure I, is the number of transmitter antennas and '
N, is the number of receiver antennas. The MIMO OFDM
system transmitter has, darallel transmission paths which =R

are very similar to the single antenna OFDM syst&ach Fig. 2: Frequehey Offsat

and every branch channel perform serial to parallelly order to help the synchronization, the sigrtiiat are
conversion, N-point IFFT (Inverse Fast Fourier Bf@amm),  yansmitted, have the references parameters teatiged in
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receiver for synchronization. However, in order teeeiver to J.
be synchronized with the transmitter, it needs tovk two 0] :T:Af MT
important factors: MT

(i) Prior to the FFT process, where it should starhpling the
incoming OFDM symbol from.
(ii) How to estimate and correct any CFO.

After estimating the symbol boundaries in theeiver and
when the presence of the symbol is detected, tkegtep is

to estimate the frequency offset. Where, r; is the desired baseband vector apdsEhe MM

Where, Mis the size of the FFT matrix andig the sample
spacing between carrier signals.
3. The vector signal affected due to CFO is

yj =Ejr;

diagonal matrix is defined by
27
E,;=diag|l eM ' .. e

IV. CHANNEL DISTORTION AND CFO ESTIMATION
USING PROPOSEDMETHOD

4.1 ESTIMATION USING CHANNEL RESIDUAL

ENERGYCONCEPT

This paper introduces a method to estimate optimaiues of 4. Suppose, there is also Channel Distortion at tkeiver

Channel Distortion and CFO by minimizing the chdnne  along with CFO then, the received signal due tonok&

residual energy. The Channel Residual Energy (CREhe distortion becomes;

total amount of energy present in a channel at réicp&ar WJ. =pjy;+ qjy'Jj

time. This energy is reduced when the channelgaged in a

transmission or reception.

The figure 1 [17] shows the mathematical signal etoaf  the receiver.

MIMO OFDM system. The input signaj & input of the M- 5. Channel distortion is related to amplitudeand phase

point IFFT, after performing the IFFT operation aiht the

Mx1 vector X. The insertion of Cyclic Prefix of length L-1 is

2
JV(M_l)gj

Where, p;j and g; are the channel distortion parameters at

mismatchy, as

done after IFFT operation, then the signal is tnatied from 1+ ﬂ_e_j¢j 1- ﬂ_ejcﬂj
i transmit antenna, at the receiver the transmitigghal p; = J and Q; = !
recovered. 2 2

1. Let the channel impulse response froffi transmit
antenna to théjreceive antenna be;n). Let assume the 6. The received signal then becomes
length of all channels areL and the length of the Cyclic W; = p,E r; +q;E 'jjr}j

Prefix (CP) is L-1. Therefore, there is no inteefece . ) . o )
between the adjacent OFDM channels after CP isT his received signal is distorted due to preserice; which

removed. The received vector at tHer¢ceive antenna is destroys the orthogonality of subcarrier.

written as: 7. To recover this distorted signal, channel distortio
X parameterA; is :
I’I :[Hi,O Hl,l ...... Hi,NI—l]x . +n] /] ] = q J
: 0
P
XN, -1

CASE 1 If channel distortion parametgris known at the
Here,H ;; is an MM matrix with the first column receiver side then scaled baseband signal is shewn

. . w = A w
h;, :[hj’i © ... h;(L-D OP andn; is  Mx1 matrix Py = ! 12 ]
that is blocked version of channel noise. On emplpy¥EQ, 1- ‘/\ i ‘

transmitted signal can be recovered. . .
9 CASE_2: If carrier frequency offset parameté?k is also

2. OFDM system always suffers from CFO because it iknown atthe receiver, the desired baseband vetor
unavoidable in OFDM system. This can only be
minimized. Normalized CFO is defined as
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Wi = A wW- Here, MIMO channel response is obtained as;
_ 0 — 0" i
Pir; =Ejp;Y; = Bk 2 . oW AwS
1- 4y p,d=B"rp; =BE"——
1=}

But as there is always channel distortion and eafrequency
offset present in the received signal which is wvm so to  When channel distortion is estimated, the firstieatofd are
recover the baseband signal, following procedurebzadone. because of channel and last entries are presemtuseof

1. Estimate the MIMO OFDM channel noise.
2. Estimate the optimum values of channel response aridor high SNR as always required these entries dhitmaismall
CFO because these entries represent the energy prasahe

channel. To explain this, a concept called chamasidual
4.1.1 To estimate MIMO channel when there is no clmenel ~ energy is defined as;
. . _ —_ —~ M
distortion and CFO CRE = Y1327 [pd); |2 Wherep = -

Rewriting the received vector; . . N . S
9 Errors in the entries af results high CRE. On minimizing the

Xo error in these entries results more accurate estimaf CFO
X without knowing the channel response. For the edion of
f=Hio Higown Higox| o5 |+n, Ving the el resp
I ' : I CRE, a matrix is defined as;
XN‘_l [0 I,.; 0 o .. O 1
udo o lp-v 0]
0 0 . 0 .. 0 J
Where, X is N x 1 matrix. This can be written irsianpler o o 0 0 .. I
form as:
r=Ac+n Suppose here that> [ so that matrix U is a non zero matrix
Where, channel gain is= [c§, ¢] v oo €] which is multiplied withpd, to obtain CRE as;
Received vector AisA = [Ag, Ap e vev v v e Ay, ] 2
_ - : N 4w Aw"
n = Gaussian channel noise CRE = HUde = |uB * ————
Here, c is identifiable if A has full column rariko fulfill this 1-|A]
condition so that channel identifiability is guateed, append ) 2
zeros to the matrix which results: CRE = HUB (W= Aw H
c The above equation is written on the assumptiont thea
d, =[ 6‘] k=1,2,3........... N1 channel distortion is very less than unity.
On collecting all d vectors, it becomes It is known that optimal value of channel distontiparameter
can be obtained on minimizing CRE. Hence, on
d=[d} dl o dly_] T differentiating the above equation to obtain optimvalue of
A, we get;
Suppose A is a matrix such that the matrix B i®itible _lwBtw)  (UBT'WY) |
opt — 2
Jus |
B = [AgAy, A1AT oo oo Aye—y AL, ] and therefore
d=BY Using above two equations, minimum CRE also gives t
optimum value of CFO estimation parameter whicBhewn
as;

Hence, the received signal is: r =B
o . / _ uB™w) (UB™WY) \
4.1.2 Estimation of channel response and CFO Eope = min | [[UB~ w|| — | T |
When CFO is not present thatEs= I, where | is identity \ HUB WEH
matrix. Therefore scaled received signal is;

: 0
Wi =AW

Pl = 1_‘/]]‘2
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4.2 ESTIMATION USING TWO REPEATED TRAINING parameters are taken as: the channel length La#ber of
SEQUENCES channels M= 1024, and length of the Cyclic Predixil= 63.

When there are two consecutive repeated trainiggeseces The modulation technique used is Phase Shift Ke(if$K),
are present in an OFDM block, their individual omtim  so the training data are PSK symbols and the rigi8&V/GN.
values are calculated first and then their aveiagaken out The length of the training sequence is 64 unitse Th
which is considered as optimum value of channabdisn or  simulations results are shown in two cases as:

CFO as a whole. This method of estimation of chhnne-gqe 1 N; = 3, Nr = 3 e=u[-11]
distortion and CFO is called two step estimationthod
because in the first step initial values are cakad and in the Case 2: N¢ = 4, Nr =1 e = Uu[-3,3]

next step these values are tracked to achieve mmrerate Where, Nis the number of transmitting antennas anishhe
number of receiving antennas. For simulation, diffi
number of transmitting and receiving antennas aexdubut
as; remaining all parameters are same for both thescase
— O 5.1 CHANNEL DISTORTION FORMIMO-OFDM SYSTEM
Wy = Py tqy + Ny

PLOT OF SMR WS MSE FOR AN OFDM SYSTEM
------ [, S s |

—— Proposed (Sec. 4.1) i}

. M .
results. The two received vectors of fOngX1 are written

- j1E j1E [}
w, = pel®y+q(e'y)" +n,
. —*—Twnstep(Sec_ 4.2)
Where, a and b are the two block indices.

Step 1 To obtain the initial values of channel distontiand
CFO estimation parameters, consider0. For practical

-1 —&— channel distortion-CFQ

systems, it is very close to zero. So:% angle{w, wy}

obtainedusing optimum CFO equation as described earlier
Now, the initial value of\ is obtained on substituting this
value in the above given equation of optimum vahfe
channel distortion. At last their average is talen

A :% (xa + 7Lb)
Step 2 If the initial estimate of is out of the range of [-1 1] ;
that means the frequency offset is high. Therefaier 10° i i i
subtracting its integer part from the previouslytireated ’ 1 SNR1;DE, 2 #
value, its value is again estimated using the gammeedure as

described in step 1. The channel distortion isutated then
by’ - PLOT OF SMRWV/S MSE FOR AN OFDM

| wBTw)  uBTtWY) | N

mean squared eror(CHANNEL DISTORTION)

Fig. 4. Mean Square Error of channel distortion in the case 1

T==ccccccscscs§sTssssssTsTsETET g

—=— Proposed (Sec. 4.1) E,

Twostep (Sec. 4.2)
—&— channel distotion-CFQ

a 10"

Joe 2w

10

| wBtw)  (UBT'WY) | -

b 1. 0|2
HUB w H .

On taking the average of these two, the result@anel 1o

distortion parameter is obtained.

mean squared error(CHANMEL DISTCRTION)

107

V. SIMULATION RESULTSAND DISCUSSION 107 i i

The performance of the proposed method of estimatib ° 10 smﬁ DB 2 =
CFO and Channel Distortion of MIMO-OFDM System is Fig. 5: Mean Square Error of channel distortion in the case 2
evaluated through simulations. For Estimation ofOC&nd  The above figures 4 and 5 show the performancehef t

Channel Distortion for MIMO-OFDM system, simulation channel distortion estimation using the proposethous for
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Case 1 and Case 2. In Case 1; 3 transmit and 3veece The above figures 6 and 7 show the MSE of the esiim of

antennas are used and in Case 2; 4 transmit aedelver

CFO. It is noted that MSE of Case 2 is higher tM®E of

antennas are used. On the x-axis is Mean Squareat Er Case 1. This is so because, there are more traaseitinas

(MSE) and on y-axis Signal to Noise Ratio (SNRprRithese
figures, it is observed that proposed estimationthoa
provide a good performance and is robust for differtypes
of mismatch parameters. It is also shown that ttepgsed
method outperform the Channel Distortion- CFO mdtio
both the given cases.

5.2 CFOESTIMATION FORMIMO-OFDM SYSTEM

PLOT OF SNR V/S MSE FOR AN OFDM

TeIiiiizioooes Fr=oiozooo=oo=o-

—%— Proposed (Sec. 4.1)
7| —#— Twotep (Sec. 4.2)

mean squared error(CFO)

________________________________________________________________________

Fig. 6: Mean Square Error of CFO for case 1

PLOT OF SNR V/S MSE FOR AN OFDM

1 ¥

1 —%— Proposed (Sec_ 4.1 1
Twotep (Sec. 4.2 ]

15— channel distortion-CFO

mean squared error(CFO)

10”7 - }- | |
5 10 15 20
SMR in DB

Fig. 7: Mean Square Error of CFO for case 2
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and more channels in the estimation. The MSE iédédfas
the average error within an OFDM block. In Casette
channel distortion- CFO estimation method perforwsll
with smaller value of SNR. In Case 2; the methductv was
proposed shows better results.

VI. CONCLUSION

In this paper, CFO acquisition and tracking aldoms are
proposed for MIMO-OFDM systems to improve the
estimation accuracy. When only one OFDM block igikable
for training, the first method is able to give ancarate
estimation of CFO and Channel Distortion. When two
repeated training sequences are available in OFDkkblow
complexity two step approach is used to solve gtamation
problem. In future, comparison and analysis of edédht
values of CRE can be done for various channelshémse the
best channel for transmission.
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