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Abstract - In orthogonal frequency division multiplexing In some applications, the OFDM system must coexist with
(OFDM) systems affected by carrier frequency offsets, thmarrow band interference signals. To illustrate, broad-band
estimation of the frequency offset corresponding to a fraction@FDM system is now applied in some unlicensed frequency
part of the carrier spacing is a crucial issue. The proper actiband, e.g. Industrial-Scientific-Medical (ISM) band in 2.4
of the fractional frequency estimator can be strongly affect&&Hz and Unlicensed National Information Infrastructure band
by the presence of disturbances, like narrowband interf¢lINII) in 5.2 GHz [7], etc. However, since the frequency
ence (NBI) signals. In this paper, we derive the data-aidéénds are unlicensed, there may exist many different wireless
maximum-likelihood (ML) fractional frequency estimator insystems sharing the same frequency band. If a part of the spec-
the presence of (NBI). Based on the ML algorithm which hasum of an OFDM system is overlapped by a relatively narrow
a high complexity, we propose a humber of simplifications teand transmission signal, the latter will introduce narrow band
develop a lower complexity algorithm. The susceptibility ointerference to the OFDM system. Due to the spectral leakage
the simplified fractional frequency estimator to NBI signalsffect caused by the DFT demodulation at OFDM receiver,
is investigated in an analytical way. The analytical resulteany subcarriers near the interference frequency will suffer
are verified by means of simulations. Although the simplserious interference. Moreover, the broadband very high fre-
fied estimator turns out to be essentially independent of thaency (B-VHF) project [8], [9], which aims to develop a new
bandwidth and the location of interferers, the performance imitegrated broadband VHF system for aeronautical voice and
the estimator is very sensitive to the signal to interferenckata link communications based on multi-carrier technology,
ratio and the number of interferers. In contrast with this a good example of an overlay system. In this project, the
simplified estimator, simulation results indicate that the exactulti-carrier (MC) system is intended to share the parts of the
ML estimator is essentially independent of the (NBI) signal¥HF spectrum with are currently used by narrowband (NB)
systems such as voice DSB-AM signal and VHF digital links.
These NB systems are considered as interference to the MC
system which hampers coverage and capacity, and limits the

Orthogonal frequency division multiplexing (OFDM) haseffectiveness of the multi-carrier system.
been of major interest for both wire line and wireless ap- The presence of the NBI signals can hamper the proper
plications due its high data rate transmission capability asdtion of the synchronization algorithms used to synchronize
its robustness to multipath delay spread. The ease of ithe OFDM system. For example, in [10], [11], we have
plementation and the fine granularity that OFDM provideisvestigated the effect of NBI signals on timing and integer
have led to its acceptance in many standards such as OFO synchronization of the OFDM system. The result of
gital Audio Broadcasting (DAB), Digital Video Broadcastingindicates that the performance of the estimators are strongly
(DVB), IEEE 802.11a, IEEE 802.16a, and Multimedia Accessffected by the NBI.

Communications (MMAC) [1]-[3]. However, OFDM is not In this paper, the effect of narrowband interference on
without drawbacks. One important drawback in OFDM ighe performance of data aided maximum likehood fractional
its sensitivity to carrier frequency offset (CFO) arising fronCFO estimator for OFDM system is investigated. The paper
Doppler shifts and/or oscillator instabilities [4]. A CFO result$s organized as follows. The system model is addressed in
in a shift of the received signal spectrum in the frequen&ection 2. In section 3, we derive the ML fractional CFO
domain. The CFO can be divided into an integer and estimator for OFDM system in the presence of NBI. Also,
fractional part with respect to the OFDM sub-carrier spacingie susceptibility of the simplified ML fractional frequency
df. An integer part of the CFO yields a different bit erroestimator is investigated in an analytical way. The simulation
rate from zero to 0.5 [5]. The fractional CFO leads to and analytical results are discussed in section 4. Finally,
reduction of the signal amplitude and to a loss of sub-carrietnclusions are given in section 5.

orthogonality. This loss introduces inter-carrier interference
(ICI) which results in a degradation of the global system
performance. To maintain a signal to inter-carrier interference
ratio of 20 dB or more, the fractional CFO is limited to 4% The model of the OFDM system including narrowband
or less of the sub-carrier spacing [6]. interference signals (NBI) is depicted in fig. 1. In the OFDM
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Fig. 1. block diagram of OFDM system including interfering signals

transmitter, frames consisting 81, OFDM symbols are trans- the signal is first down-converted te- (fy — Af), where
mitted. Each frame is generated as follows (see fig. 1) : a blodkf represents the frequency difference between transmitter
zi= (20,35 - - zNz,l,i]T of N, information-bits is mapped to and receiver oscillator, then fed to the matched filter and
a sequence ofV; symbols, belonging to a unit-ener@f- finally sampled at raté /T;. The OFDM signal is disturbed
point constellatiorf) (with Ny = N, /q). We will denote this by additive white Gaussian noise with uncorrelated real and
sequenced;= [do;, ..., dn,—1 l]T Now, d; is broken down imaginary parts, each having variangg. The signal to noise
into M, blocks of IengthN The M, blocks are buffered and ratlo (SNR) at the output of the matched filter is defined as
converted, one at a time, to OFDM symbols by usigpoint "2 , Whereo? is the variance of the real/imaginary partaﬁ
inverse fast Fourier transform (IFFT). Apoint cyclic prefix  "Further, the signal is disturbed by narrowband interference
(CP) is pre-appended, feSU|t|n9M+thme -domain samples residing within the same frequency band as the wideband

[S—uyise e+ 81,iy80,is- -+ SN—1 J where s;; = s;+n,; for  OFDM signal as shown in Fig. 2. The interfering sigralt)
l=—v,...,—1andi = 0, oo, Mg —1. The kth time domain may be described as

sample of theith OFDM data block can be written as
s (t)ej27f(fo+fu,l)t ()

I
Nk

sP; = ! Y dpi ¥ —v<k<N-1 ()
nel, where s;(¢t) is a baseband narrowband signal afad is the
where I, is a set ofN, carrier indices andl, ; is the nth carrier frequency deviation frory for the ith interferer. The
data symbol of théth OFDM block; the data symbols are ii.d baseband interferenceg(t) is modeled as digitally modulated
random values with zero mean and variait w| = FE,. signal

Each data frame is preceded by one OFDM pilot block, to

be able to synchronize the receiver. The pilot symbol has two =

identical halves in time domain, which will remain identical st) = ) bupilt—hT—m) “)
after passing though the channel, except that there will be a hj_"o

phase difference between them caused by the carrier frequency ~ Z brapi(t — hTi — 7)

offset. The symmetry of the pilot symbol in the time domain is =

easily generated by transmitting a pseudonoise (PN) sequence ) ) o
on the even frequencies, while zeros are used on the Juperep:(t) is the time domain response of the transmit filter

frequencies. In order to maintain an approximately constafft the (th interferer, b, ; is the hth interfering data symbol

energy for each OFDM symbol, the frequency components @f the ith interferer, 7, is its delay, and1/T; its sample

this training symbol are multiplied by/2 at the transmitter. ate. Becausg;(¢) degrades rapidly in the time axis, symbol
Finally, the time domain signal of the baseband OFDMh.t Yh < 0 or h > ¢} have little effect on the signad;(t)

signal s, () consists of the concatenation of all time domaif < ¢ < Trrr). Therefore, the approximation in (4) is valid.
data and pilot blocks : Let B, be the bandwidth of;(¢) and By is the bandwidth of

OFDM signal. In an OFDM symbol duratiofiz 7, there are
g symbols ofs;(t), wheregq is an integer equal to or Ie%.

su(t)= kN—_—l st Po(t — KTp)+ The total NBI signal may be seen at the output of the matched
M TSN Popo(t — KTy — (i + 1)(N +v)Tp) filter of the OFDM receiver as
2 .
where py(t) is the unit-energy transmit pulse of the OFDM ri(t) ~ ZI Z by €927tk g (¢ BT (5)
system andl /T is the sample rate. The baseband signal (2) =1 heo ’

is up-converted to the radio frequengy. At the receiver, . .
where g;(t) is the convolution of po(—t) and pi(t —

1i.i.d = independently and identically distributed 71) exp (27 (feq + Af)t). The normalized location of the



interferer within the OFDM spectrum may be defined aBropping irrelevant terms from (9), we get the likelihood

L= f%ff) It is assumed that the interfering symbol§unction A(é) :
are uncorrelated with each other, ilgby, ;b5 ;] = E[01:0np, . Ho i e
whereE] is the energy per symbol of thieh interferer. Further, A(é) = Re {Y{" C; " Yae ™77} (12)
the interfering data symbols,; are statistically independentThe estimated valug of ¢ maximizes A(é). Taking the

of the OFDM data symbols., ;. The signal to interference derivative of (12) with respect té and setting the result to
ratio (SIR) at the input of the receiver is defined as [10], [1Hero yields

SIR:% (6) g:lmnfllm{YlHC;IYQ}
21:11 Tll ™ Re {YlHC;1Y2}

This estimator (13) requires the knowledge about the second

order statistics of (NBI) to compute the matri,. Further,

As the frequency offsef\ f is generally larger than the sub-it requires the inversion of’,. Therefore, the complexity of
carrier spacing, it is useful to split it into an integer parand  this estimator might be to high. To simplify the estimator
fractional parte wheree € [—.5, .5] with respect to the carrier (13), we take a closer look to the matriX,. The function
spacingd f = ﬁ i.e. Af = 57 + w7, We assume that 4k /) represents the sum of the product of the interference
the parametern has already been estimated and is correctagansmit pulse with its delayed version over an integer number
The received time domain samples outside the CP are giﬁnsample intervalsTy. In fig. 3, C, matrix is shown as
by an image forN = 1024, one interferer withf/, = 0,

E; = 1, normalized interference bandwidfiBW = 0.024,
y(k) = 6j(27rek/N)l,(k)+w(k)+TI(k) Vk=0,.,N—1 (7) and SNR = oo. Lighter color corresponds to larger values
of C, elements and black color corresponds to small values
wherez (k) is the training signal contribution from the channelinearly zero) ofC, elements. It is clear from the figure that the
w(k) ~ N(0,202) ? and r;(k) is the interference contri- Jarger C, elements occur at diagonals around main diagonal.
bution at sample timet7, as given in (5). We introduce Hence, the elements @, (10) that are not close to the main
two vectors of lengthV/2: Yy = [y(0),...,y (N/2—1)]"  diagonal will be much smaller than the diagonal elements and
consists of the first half of the pilot symbol. Similarly;2 = the further the element is located from the main diagonal, the
[y (N/2), ...,y (N — 1)]T consists of the second half of thesmaller the element will be. Therefore, we suggest two types
pilot symbol. Taking into account that(k) = xz(k + N/2), of approximations to simplify the inversion of the matix,
we find to simplify the implementation of exact ML estimator (13).
In the first approximation, we can consider most of ttg
Ya(k) = Yi(k) 3™ + 1w (k + N/2) — w(k)ei™ ®) erllemen_ts g_re zercl)s ext;]ept the sdub-diagqnal _eIements arlound
by (k 4+ N/J2) — g (k) eI the main diagonal. In the second approximation, we neglect
the interference components in the covariance matrix. In this
wherek = 0, ..., N/2—1. Assuming that noise and interferencease,C,, becomes diagonal matrix with diagonal valieo?.
components are Gaussian random variables, distributigrz of Therefore, the estimator (13) can be simplified as

giveny; ande yields 1o
= 1 I {EET Y nm))
€= —1tan

N/2—1 <r4
. R m Re {5 vr (b)Ya(k) }

exp {— (Y — Yiei™) " o7 (Ye — ﬁej”‘_‘)} It is worth to state that the estimator (14) looks like the ML
(9) fractional frequency estimator derived by [6]. However, the
whereé is the trial value of andC,, is the covariance matrix ML estimator in [6] is based on two pilot symbols, while the

13)

IIl. ML F RACTIONAL CFO ESTIMATOR

P(Y2[11,€) =

given by ML estimator given (14) is based on only one pilot OFDM
e , ey +1 Symbol.
[Calyw = E [2(}/2(7“) = Yi(k) ™) (Ya(k') — Y1 (K') €™)"] Implementation Aspects
/ /
= 40,0 + Ak, k) + A(k + N/2, k' + N/2)(10) , From fig. 3, we notice thalt, ], ,, sharply drops when
LA, b+ NJ2) + A*(k, K + N/2)} &7 k + . Therefore, A(k, k') + Ak + NJ2, K + N/2) is

larger than{A(K', k + N/2) + A*(k, k' + N/2)} e’™.

Then, we can say tha€’,], ,, is essentially independent

of the fractional frequency offset see (10). Therefore,

v if the statistics of the narrow band interference signals is
L know, the matrixC-! can be precomputed and stored at

N * / 1 xT

Ak, k) = ZEI Z gu(kTo — hTh)g; (KT, — hTh) (11) the receiver. Accordingly, we do not need to reestimate

=1 h=meo C: ' every frame.
2w(k) ~ N(0, 202) means thatv(k) is Gaussian distributed with average ~ ® The |n\{er5|on of theC’; matrix can be S|mpl!f|ed by
0 and varianceo?2. neglecting allC,, elements except th2M sub-diagonal

where E [x] is the expectation of, and A(k, ') is defined
as

o



elements around the main diagonal, i.e. the elemem&the STR. As can be observed, for a large rangefR,

(Colpp # 00 K = k+m, m = 0,.,M and the theoretical results and the simulation results agree well. At
[Cf]k,k, = 0 otherwise. large SIR, the variance of the simplified ML estimator reaches

« If the statistical of narrow band interference signals is hain asymptote, corresponding to the case where no interference
known, we can use estimator (14). is present. This asymptote only depends on $éR and is

Now, we evaluate analytically the effect a¥BI on the given bym.At.low SIR, the variance of the simplified
simplified estimator (14). Due to the presence of the invergstimator becomes independent of & R. The theoretical

of the tangent function, it is difficult to compute the meafesults are smaller than for the simulations when theR
and the variance of directly. To simplify, we assume thatis small. Hence, the theoretical results can be considered as a

lé—¢| < 1/m as in [6]. Therefore, the tangent can béower bound on the performance for smallR. Also, we note

approximated by its argument. Further, consider the Comp@’)@f[ the variance of the Slmp'lfled ML estimator decreases for
productsYs (k)Y;* (k) from which we estimate from (14). For increasingSIR. Further, the variance at larg&/ R decreases

a givene, subtract the corresponding phage¢, from each With increasingSN R. This can easily be explained as at high
product to obtain the tangent of the phase error SIR and SNR, the effect of the noise and interference is

small.
Furthermore, the simulated variance of the exact ML es-
timator (13) is indicated in Fig. 4 as function &IR at
_ different values ofSN R, curves (1, 2, 3), where we assume
At high SNR and SIR values, Re [Ys(k)Yy (k) e ™) that the characteristics of BI signals, i.eSIR, BW, f ..,
can be approximated biy:(k)|* as the noise and interferencestc, are perfectly known. We note that the variance of exact
components are much smaller than the signal componeml. estimator is independent ofIR. This is because the
Also, it is easily to prove thal [Im {Y{Y,e™7™}] = 0. covariance matrixC, is recalculated at each value STR.
Then, E[¢] = ¢ ,i.e. the estimator is unbiased. The variancgiso, we consider another case where there is an uncertainty
of the estimate is easily determined from (15) as in the estimation of theéV BI parameters. Let us assume that
the covariance matri’; is calculated aff;; = 0, while the
. 5 4 5 o 4 5 o actual value off; ; is .01B;. In this case, we observe that the
= [(6 —€) } T 2N2 (2 (20505 +02) + (05 + ) T+ T )simulated variance of the exact ML estimator is changed with
(16) * SIR values as shown in curves (5, 6, 7). Hence, the exact
whereY andI" are given as estimator is very sensitive to uncertainties in the estimation of
the NBI parameters.

B Im {YlHYgefj“}

~ Re{Y{Yoe—ire} (15)

tan|r(é—¢€)] ~é—¢

N/2—-1
Taking into account that most elements of the matrix
T = A A(k+ N/2 N/2 17 ) .
];) {A(k, k) + Ak + N/2, k + N/2)} (7 are zeros except thelM/ sub-diagonals elements around main

diagonal, fig. 5 shows the simulated variance of the exact
N/2—1 ML estimators whoseC, have different number of sub-
= > Ak k)A(K +N/2, k' + N/2)  (18) diagonals as function ofIR. It is clear from the figure
k,k'=0 that the exact ML estimator whos€, is approximated as

In the next section, we evaluate the performance of tifediagonal matrix gives worse perfomance than the simplified

exact (13) and simplified ML estimator (14) by means d¥stimator where the interference signal is neglected completely
simulations. in C, (14). As expected, when we increase the number of

non-zero sub-diagonals in the matrX,, the performance
improves. Moreover, depending on the operatigr value,

IV. NUMERICAL RESULTS - X
we can determine the necessary number of sub-diagonals. For

The numerical results in this paper are obtained with ”é‘?(ample atSIR = 15 dB, 200 sub-diagonals around main
following OFDM and interference parameters: diagonal,is acceptable. ’

« Transmit filters are square-root raised-cosine filters with Fig. 6 displays the analytical and simulation results for
roll off factors ap = 0.25 anda; = 0.5 for OFDM and  the variance of the simplified ML estimator as function of

interfering signals, respectively. the interference bandwidth for different values $fR. The
« The total number of subcarriers 1§ = 1024. results indicate that the dependency of the variance on the in-
« The number of active subcarriers A6, = 1000. terference bandwidth increases whghR decreases although
« The guard interval is set to about 10 % of the useful pathe dependency is small. This is explained as at HigHR,
v =102. the effect of interference diminishes and the variance mainly
« The bandwidth of the OFDM spectrum equaly = depends on noise. Furthermore, the variance of the exact ML
7 = 1024 kHz. estimator is indicated as function &f BV at differentSIR.
« We use QPSK modulation for the data symbols of thResults indicate that the variance of the exact ML estimator
OFDM and the interferer signals. does not depend oV BI as we stated in the above section.
« The time delay of the interferers equais= 0. Fig. 7 illustrates the analytical and simulation results of

Fig. 4 compares the analytical results (16) with the simulatidhe variance of the simplified ML estimator as function of
of the variance of the simplified ML estimator (14), as functiothe normalized interference carrier frequency deviatfgrp.



The shape of the variance may be explained with the aid «
Fig. 2. As long as the interfering signal is located in the fla

; ; (14o) T, 1-a
region of the OFDM spectrum, .67, + (75555 7| < 1500
the variance of the simplified

L estimator is constant an
does not depend on the location of the interferer. When tt
interfering signal located outside OFDM bandwidth i.e. (
L e e > o fl - ((;j:g%% < —1), the interfering
signal does not affect the OFDM signal anymore: in thi
region the variance is constant and its value depends on 1
SN R value only. Furthermore, the variance of the exact Ml
estimator is indicated as function ¢f ; at different STR.
Results indicate that the variance of the exact ML estimat
does not depend oV BI as we stated above.

Fig 8. shows the variance of the estimator the simplified ML
estimator as function of the number of interfering signalg,
in two cases. In case 'A, we consider that théR is fixed per
interferer, so the totabIR decreases inversely proportional
to Ny. In case 'B’, we consider a fixed totdl/R, i.e. the
SIR per interferer decreases linearly &3 increases. As the
variance mainly depends on the tofal R, it follows that the
variance will be an increasing function of the numidér of
interferers in case 'A, whereas it is independent\gfin case
'B’. Furthermore, the variance of the exact ML estimator is
indicated as function oiN; at differentSTR. Results indicate
that the variance of the exact ML estimator does not depend
on NBI as we stated in above.

V. CONCLUSIONS

This paper evaluates the performance of ML fractional
frequency estimator for OFDM system in the presence of

Interference
Spectrum

OFDM Spectrum
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14ag 1+a,o © 14+, 14ag
2T f(;l - T fcl + 27, 2T,
Fig. 2. Baseband OFDM and one interfering signal spectrum
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narrowband interference for different interference parametersfig- 3. AKK) atNr =1, i, =0, NBW =.0244, and £ =1

We investigate the ML estimator based on a training symbol
with two identical halves in time domain based on narrowband
interfering (N BI) signal characteristic. The simplified estim- (5]
ator is also derived. Further, the statistical properties of the
simplified estimator are evaluated analytically and by means of
simulation in the presence 6V BI). The agreement between [6]
the theoretical and simulation results proves the validity of
our analysis. Generally, the bandwidth of the interference and]
location of interferers do not have a large influence on the
performance of the simplified estimator. However, it turns out
that the signal to interference ratio has a large influence daj
the performance of the simplified estimator. However, results
indicate that the performance of the exact estimator does ngj
depend on the characteristics of (NBI). [10]
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