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An Efficient Blind Estimation of Carrier Frequency
Offset in OFDM Systems

Said Lmai,Student Member, |EEE, Arnaud Bourré, Christophe LadBenior Member, |EEE,
and Sebastien Houck®&)ember, |EEE,

Abstract—In this paper, we propose a low-complexity blind they proceed by using the power difference minimization
Cargelr fre?cl:lslf)]CY_ OffSI_et (CbFO) destirtT;]ation S|Cf]]eme, for Cg_”_ﬂf)t between two neighboring subcarriers to develop an estimato
modulus signaling based orthogonal frequency divisio ; ;
multiplexing (OFDM) systems. Provided that the channel carbe adapted o CfonStam modulus (C.M) signaling. The .Same asithor
assumed to be slowly time-varying, subcarriers having theasne introduced in [13]_ ar_wother est_|mator that epr0|ts_the slow
indices in two consecutive OFDM symbols will experience nely ~ channel changes in time domain over two consecutive OFDM
the same channel effect. This assumption enables us to degia symbols. The differential OFDM system was the context of use
cost function that is determined by the sum of the products of discussed in the paper [13]. The same estimator is proposed
the signal amplitudes on each pair of equivalent subcarries from [15] with further developments and without the consttain

two successive OFDM symbols. The maximization process ofith . . - .
cost function makes it possible to find an appropriate estimg of differential modulation. As reported in [16], let PDE-F

of the CFO. Over frequency-selective Rayleigh fading charels, (power difference estimator in frequency domain) and PDE-
the proposed CFO estimation method provides improved perfie T (its analog in time domain) denote the CFO estimators

mance over existing techniques. Moreover, in contexts of m@w-  proposed in [12] and [15], respectively. By minimizing the
band noise and signal gain variations, simulations demonsite  ,,\ver difference between all pairs of subcarriers, adjacen
the robustness and immunity of our scheme. subcarriers in each OFDM symbol (PDE-F) or having the same
indices in two successive OFDM symbols (PDE-T), estimation
. INTRODUCTION functions are derived.

He multicarrier modulation technique in the form of N this paper, we propose a novel, efficient blind CFO
orthogonal frequency division multiplexing (OFDM) iSestlmato_r for fully Ioad.ed CM-OFDM systgms. The basic
an efficient scheme adopted in several standards for sfSSumption used to derive the cost function is always tret th
tems demanding high data rate. In addition to its Simpﬁpannel taps change slqwly in time domain. Provided that th(_a
implementation when using the FFT algorithm for discrefg@nnel response remains aimost constant over two SUZeessi
Fourier transform (DFT), the OFDM system is also knowﬁ)_FDM symbols, we |n|t|§1IIy assume the minimization of the
for its relatively low sensitivity to time synchronizatiemrors. difference in post-DFT signal amplitudes between all pafrs
However, in the presence of carrier frequency offset (CFO%Echarrlers having the same indices. Analogously to _PDE-F
orthogonality between subcarriers is quickly destroyed a@"d PDE-T, let use ADE-T refer to the proposed estimator
inter-carrier interference (ICI) arises, resulting in ditor rate While it stands for amplitude difference estimator in time
performance loss. CFO is mostly due to transmitter-receidomain. Using the exhaustive search method, we show that
relative movement, channel variability and the imperféigra.  ~PE-F, PDE-T and ADE-T performance achievements are
ment between local transmitter and receiver oscillators.  @/most identical. Likewise, the cost function obtained for
Several CFO estimation techniques have been proposedlAE-T has quasi-regular shape and is simple to implement.
the literature. They are either data-aided [1]-[4] or smpllt €a@n be closely approximated by a sinusoid with a global
blind [5]-[10]. This second category, also referred to ag-noMaximum correspondlng to.the desired CFO .estlmate value.
data-aided, may rely on inserting null subcarriers (e.g. [3N€ low-complexity curve-fitting method as introduced by
and references therein) and is then power-efficient, or ean l}1] @nd used in [12] and [15] can be efficiently employed.
bandwidth-efficient in the case where the OFDM system fg°mpared to PDE-F and PDE-T, ADE-T performance is iden-
fully loaded. Additionally, [11]-[15] have proposed esitars t|f|(_ad over frequency—_selg_ctlve fading c_hannels. _The zedl_|
operating over post-DFT signal. In [12], the authors assurd@" mdlca_tes the reliability of the estimate while apptyi _
that the channel response on two adjacent subcarriersmem&i" @Ppropriate trade-off between performance and coniplexi

practically unchanged. Therefore, over each OFDM Symb(lj\floreover, ADE-T is less sensitive to noise and insensitive t
gain fluctuations as discussed in the Section lll.
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transposition,|.| for complex modulus or absolute value (ofwhere:

a real),Iy for N x N identity matrix, diag.) for diagonal j2m e (I—1)(N+Ny,) N=1
. . e N cp . _nte
matrix whose entries are the elementg 9f and:= for equal 4™ = E dPH'e??™ 5 ™ 4",
by definition. VN = (6)

m=0,1,...,N—1

As in [12] and [15], developments hereinafter are made under
Il. SYSTEM MODEL the noise-free assumption.

Let us consider a conventional OFDM transmission sys-
tem with N orthogonal subcarriers. Theh OFDM sym-
bol carries off N information symbols gathered as follows At reception, a proper CFO compensation allows us to have
d; = [d),d},...,d¥ 1], after being drawn uniformly from an ICI-free signal after the DFT operation. In terms of kier
a CM constellation. Then, the modulation of vectdr is formulation, if ¢ = € and sinceC(é)*C(e) = C(e)*C(e) =
performed and the inverse-DFT (I-DFT) operation output V7 W = I, the resulting sequence after the DFT process
w = [u),uf,...,ul 7. Inserting &, (resp.N,) duration is:

(resp. number of samples) CP will follow and the total dunati Sije=e = Hd,. (7

of the obtained OFDM symbol to transmit® = 7, + T, . . . .
(resp. Ny = N + Ngp), fo?/a useful part offislength anépa In the case of CM signaling, "ddﬂ =1 and trymg_to
sampling interval off, — % Thus, theN useful samples of focus on the am.plltudes, the elements of the vesiowill
the Ith baseband OFDM symbol are: be expressed as:

|sf| = |H|, k=0,1,....,N—1 8)

IIl. PROPOSEDCFOESTIMATION SCHEME

N-1
1 ,
k __ m _ j2m Rk _ _
= VN Z e k=0,1,....N—-1 (1) If we assume that the channel response is slowly time-vgryin

_ =0 and therefor¢ H| and|H}, | are almost equal, i.e.
expression obtained from:

|51 lje=q =~ |8} |je=es 9)
] ) ] then, to estimate the value of we initially propose the
where W is the N x N normalized I-DFT matrix, whose following cost function:
elements aréV,, , = (1/v/N)exp(j2rmn/N) by the mth row
and thenth column along withm,n = 0,1,...,N — 1. . M
Afterwards, the signal so far constructed passes through Ji(€) :Z
the multipath fading channel, having the corresponding fre _ _ _
quency responsdl;, = diag ([HIO,H},...,HlN‘l]). Let ¢ CFO is assumed to remain constant over contiguous
denote the introduced CFO, which is normalized with ré@FDM symbols andJ;(€) should be minimized with respect
Spect to the subcarrier Spacing (|n this Cq%e_ Thus,e € to parameteE, which is the trial value ot. Thereby:
(—0.5,0.5) and t.he resultir)g accumule_lted ﬁhase shift on the e=arg min Ji(@). (11)
OFDM symbol time domain samples is depicted Gye) = €(—0.5,0.5)
diag([e/?™~ ¥0 ei2mw x1 . ei?mx x(N=1)]), Removing the
CP is the first operation performed at reception and t
retained signal isy; = [v0,y},...,y ‘|7, This received
OFDM symbol might be described as:

u; = Wd,, l=12,... (2)

N

> (st = Ist_al)*. (10)

=1 k=0

[

However, the two term$=, "' [sF|* and 337! [sf |2 are
independent of¢ and ¢ (see Appendix A for the proof).
Consequently, minimizing (10) is reduced to maximizing the
following final cost function with respect ta

yi = TR DN C () WH ) + vy, ) M N-1
— [0 ol N-1T ' J (g):ZZkaSkf | (12)
where v; = [v),v;,...,v; "]" is the vector of white f 1HS1=1ls
Gaussian noise with zero mean and variange Note that [=1 k=0

the resulting common phase shift relative to tle OFDM so that we can deduce the CFO estimate value
symbol is given bye/27 % ((=D(N+Nep) | the case of perfect It is worth noting that, if we assume the OFDM symbol
time synchronization, CFO is estimated and then compethsagmergy Esz’Ol |sF|?) to be almost insensitive to the Doppler
before conducting the DFT operation. In other wordss effect, maximizing (12) could be seen as the maximization
firstly estimated by and after thaty; is mutiplied by C(¢)*  of the signal-to-interference-and-noise ratiy (V R) as intro-
for CFO compensation anW# for the DFT process. As a duced in [14]. Indeed, to estimate the CFO, the authors have
result, we get the vectey = [s9,s},...,s;' |7 defined by: proposed maximizing a frequency-orient§d N R estimate.
H s o However, our proposed scheme is based on a new approach
s1 = W7C(e) "y, ) exploiting channel coherence in time, appropriately. Tphe o
and thekth element is: timization operation of (12) might be realized using selera
No1 technigues. As the use of the gradient descent is not pessibl
Z yre IR ER) =01, N—-1 (5) because the function is not differentiable, exhaustivecsean
a discrete set of values can be employed. However, it shauld b

k 1
Sl:\/—N

m=0



Therefore, the impact of narrow-band noise on one subcarrie
or even more, would have a significant paralizing effect.
Concerned subcarriers’ terms will drastically reduce tbe-c
1 tribution of the other subcarriers’ terms in the sum. Thbs, t
, ; , | value obtained by the estimation process will be considgrab
g different from the real value. In contrast, (12) will exparce
‘ ' ‘ | much less degradation in case of narrow-band noise. This is
1 due to the low power of all the elements of the sum. Further-
more, the gain control in digital communication systemsnis a
inevitable process. Inappropriate increase or decreagaim
s s s Wz ¢ oz s s oz 1 over one OFDM symbol period could often occur. In such

a case, the ADE-T performance is not affected. Indeed, the
_ _ desired parameter when maximizig, ' |sF||sF || (12) or
Fig. 1. Jy versus¢ in case of N = 64. N—1 koK . .

w0 Pls’llsi_q| is exactly the same, wheyeis a (non-zero)

positive real number that corresponds to the gain variagion
the lth OFDM symbol andt = 0,1, ..., N — 1. Thus, the cost

noted that the exhaustive search will require more comutat f,nction used is gain variation independent unlike the fiomc
time and complexity, thus making it impractical. Thereforemployed in [15].

while seeking simplicity of implementation and using theiba
assumption (9), we come up with a quasi-regular function,

which is a good approximation of¢(€), namely:

Ji(8) ~ - cos|2m(e — &) + 3 (13) We consider a conventional quadrature phase-shift keying

’ (QPSK) OFDM system having = 64 subcarriers with a

wherea and S are constants, and above all independent ofcyclic prefix length of N, = 16. Monte Carlo simulations
andé. They have positive real values and depend only on tinere conducted on multipath Rayleigh fading channel using
frequency channel response and the sequence of informatioh OFDM symbols on each simulation run. The channel
symbols. Through simulations, we always obtain a quasiaries every sampling peridtl = ?V and Jakes’ model [17] is
sinusoidal shape fod;({), where{ = ¢ — é&. The channel used to generate the fading channel coefficients.assumed
coefficients used are independent complex Gaussian randonbe uniformly distributed in the randge-0.5,0.5) and keeps
variables with zero mean and any power delay profile. konstant over two consecutive OFDM symbol (= 1).
Fig. 1, we have consideredia-spaced 0-discrete-path fading It changes randomly from one pair of OFDM symbols to
channel, which has normally-distributed random taps withe next. The channel model used is identified by five path
decaying power delay profile. Furthermore, in Appendix B, waelays [0 Ty 2.7s 6.7, 11.Ty] with average power gains
prove that the functiot/; is 1-periodic and also even. Aiming [0.34 0.28 0.23 0.11 0.04]. The normalized Doppler frequency
to perform straightforward maximization operation wittsde f,T; is set to different values, wheyfg designates the Doppler
computing time, we decided to make use of the curve-fittifigequency. The underlying OFDM system operates at a central
process [11]. Similarly to the method description in [15F wcarrier frequency o2.6 GHz while the subcarriers’ data rate is
first evaluate function (12) at three distinctive poirits: a, b  16.68 kb/s. The regular mean squared errdf § F) is used to
and c¢. Then, we compute the two intermediate paramametessess the ADE-T performance with respect to that of PDE-F

——N =64

62—

IV. SIMULATION RESULTS

~ and§ defined as: and PDE-T.
7= [Jp(€=a) — Jy(€ = c)] - [sin(2mb) — sin(2mc)] A. General estimator performance analysis
+ [Jy (€ =¢) = Jr(é =b)] - [sin(2ma) — sin(2mc)] : o .
§:=[Jr(E=b) — J;(Z = )] - [cos(2ma) — cos(2c)] F|rs_t, we perform the mgmmlzatlor_] process using t_he ex-
[T = ¢) — J§(¢ = a)] - [cos(2mb) — cos(2re)] haustive search method with a precision10f3 by testing
(14) 1000 equally spaced candidates over the rande-0.5,0.5).
Finally, the CFO estimate is given by: We are interested in this optimization method to get an
1 idea about achievement limits as a benchmark for the three
€=—-arg(y+j-9). (15) schemes in question. Fig. 2 shows the results from simulgitio

2 . . conducted over a frequency-selective Rayleigh fading icblan

If we takea = —1/4, b =1/4 and ¢ = 0 in particular, (15) with f£,7, = 0.030 and 0.042. These values correspond to
becomes simpler. vehicle speeds greater thaf0 km/h. One can notice that the

In comparison with [14], for implementation, we use théhree estimators display very similar levels of performanc
curve-fitting method, which is simple without any parameteHowever, the exhaustive search method requires important
to set, unlike the early-late-gate recovery loop impleradnt  memory resources and is too time-consuming to be practical
[14]. for real-time wireless communication applications.

The PDE (PDE-F and PDE-T) cost functions consist of While being a good trade-off between performance and
terms where the signal amplitude is raised to 4tle power. complexity, the curve-fitting method described in (14) and
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The phenomenon is even more severe when interferers’ op-
erating frequencies are constantly changing. We evalinzte t
performance of the three schemes over a multipath fading
channel introducing narrow-band noise. Results are given
using MSE versus the signal-to-narrow-band-noise ratio
(SN BN R), which is the mean power of emerging narrow-
band interferer signal at the receiver. Two values of the
normalized Doppler frequency are usef{Z; = 0.024 and
0.042. Performance levels obtained are depicted in Fig. 4
and we can see clearly that the ADE-T achievement is much
greater than the other estimators.

The third scenario investigated implies operations ofidgv
the automatic gain control (AGC) where the amplitude of
the received signal varies over the duration of one OFDM
symbol. As indicated in the previous section, one can ifienti
the proposed estimator insentivity to gain changes, which i
not the case for PDE-T. In order to pinpoint this issue, we
have conducted simulations wherein we vary the gain in the

(15) is employed since the three functions targeted for ofange (—3 dB , +3 dB). To compare the performance in
timization could be approximated by classic sine curvegeNaosuch situations, the metric used once moréd$ E versus
that the exhaustive search method has involved at k&t the gain variation occured in dB. As demonstrated in Fig. 5
times more operations than curve-fitting. Fig. 3 shows thghere SNR = 15 dB, PDE-F and ADE-T are completely
simulation results when the curve-fitting method is used fitidependent of the gain variation, unlike PDE-T which sisffe
the three schemes. The first general observation to makefrism a penalizing sensitivity. Additionally, it is obvioukat
that, compared to the exhaustive search results, there IABE-T outperforms PDE-F even if it is insensitive to gain
performance loss of approximately one decade in terms faictuations. For the same normalized Doppler frequencies
MSE. Nevertheless, ADE-T outperforms PDE-F and PDE-F,T;, = 0.030 and0.042, and in case oS NR = 20 dB, the

for both values off;T; and over the entire range &fN Rs.

M S E performance presented in Fig. 6 confirm the estimators’

The gain achieved with respect to PDE-T is less significabéhaviors.
than that with respect to PDE-F. In the whole subsection
coming after, the curve-fitting method will be used.

V. CONCLUSION
In this paper, we presented a new method for blind

B. Estimator performance exploration in particular scenarios cgo estimation in full loaded CM signaling based OFDM

of interest

systems. It has been proven through numerical simulation

Let us now consider the potential contribution of theesults that the proposed low-complexity technique outper
proposed method in another important context. Narrow-baf@ms prominent existing estimators in various situatioins
noise is an interesting case from a practical perspectiiarsh time-varying propagation environments, modeledgusi

(cognitive radio, underwater acoustic communicationstc).

a frequency-selective Rayleigh fading channel with Dopple
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shift, in a narrow-band noise context and in a situation lvwo

ing fluctuating signal gain, the estimator introduced agdse N°[s!|lsi™1| =
very solid levels of performance. The efficiency carried out

is due to the judicious manipulation of the received signal

amplitudes to derive the appropriate cost function.

APPENDIXA

In the noise-free case, substituting (6) in (5) gives:

e927 & (1=1)(N+Nep) N-1

. o m i
sk = ~ Z n Z eI 2R (n+(— ) (16)
n=0 m=0
where( = ¢ — € and 3}
the signal amplltude we o taln:
N-1 1 N-1
k|2 o LMok
DIt =gz Do e
k=0 ny,no=0
N—-1 ¢ R N—-1 N
% Z ej2ﬂﬁpejw"(m1n1*m2n2) Z e*ﬂﬂﬁpy (17)
m1,mg=0 k=0

wherep = m; — ms. Knowing that:

N-1 .
e*jQTr%P — N7 If p= 0 (18)
= 0, otherwise
(16) becomes:
N-1
fE=l Y g z d¥ra (19)
k=0 ny,no=0

whereq = n; — ny and m; = mo = m. Accordingly,
N |sF|? is completely independent @fand e.

APPENDIXB

From (16) we have:

Nl|sf| = Zgrzeﬂ”"‘<"+4 k) (20)
Therefore:
N—-1 N-—1 N-1
N2Jstllsta] = | D2 D7 spraz Yo (N reym
n1=0no=0 m1=0
N-1 (21)
> Z —JN(n2+C k))
mo=0
Now, since:
N-1
Z (& FF (mAc=Ryymy _ (_qym—kme(ioR)
m1=0 (22)

sin(7¢)
sin[Z& (n1 + ¢ — k)]’

= (=DMt = (-nmTre, (21)

Jm(n1—k)(1—3)

X e

and ej”(nl—n2) — ejW(n1+n2)
can be expressed as:

N—-1 N—-1

2 : j : ~n1 vnQ* ]w%

n1=0mno=0

(23)
o sin?(7¢)
sm[ (n1+¢— k) sm[N(ng +¢-KR)]|
Hence, forM = 1 (12) might be formulated as:
N—-1 N—-1|N—-1 N—-1
=3 Istllsial = 5 D0 | D0 D &
k=0 k=0 |n1=0ny=0 (24)

. mn1—n
1 _"n2

X e

sin®(m¢)
sin[% (n1 + ¢ — k)] sin[ % (n2 + ¢ — k)] |

— d"H}'. Since we are interested inNow, let's show thatJ;(¢) is periodic with periodl. From
(24) we have:

N—-1| N—

-

N-1

vnl <nox _jJT
§,°1€

1
Jr(C+1) = 57

n1—ng
N

k=0

n1=0no=0

o sin?(m¢ + ) .
sin[7 (1 + ¢ — (k = 1))]sin[F (n2 + ¢ — (k = 1))]
(25)




which can be expressed otherwise whén=k — 1 as:

N—-2|N—-1 N—-1

1 % _jmidl—T2
Jr(C+1) =13 DDA
k’=0ln1=0n2=0
in? () N-1 N-1 -
% sin[ % (n1 + ¢ — k)] sin[ % (n2 + ¢ — K') N2 ni= omzzo
 gnan in L5 sin2(7TC)
-1 sin[4; (n1 + ¢ + )] sin[F (n2 + ¢+ 1)]
(26)
Since:
Sm[N(m + ¢+ 1) 51n[N(n2 +¢+1)]
= sin[ 5 (1 + ¢ — (N = )] sin[ £ (n2 + ¢ = (V = 1))] (27)
We obtain:
N—-1|N—-1 N— nj—ng
) = s 3 ST S aapsen
"=o0ln1=0n5=0 (28)
sin’(7¢)

)

" S (¢ — R sin[ & (nz + ¢ — K)]

and thereforeJ; (¢ +1) = J;(¢). Besides, let’s prove that:(¢)
is even. Still from (24) we get:

N—1|N-1 N-1 S
Jr(=¢) = Z Yoo EEEdT N

k=0 |n1=0mn2=0 (29)

sin?(7¢)

sin[§ (—n1 + ¢ + k)] sin[5 (—=n2 + ¢ + k)]

knowing that:
sin[ - (—=n1 + ¢+ k)] sin[ - (=na + ¢ + K)]
= 51n[N(n1 +¢— k) sm[N(ng +¢—K)], (30)

wheren) = N—1—n; ,nb = N—-1—-nyandk’ = N—1—k . The

term ™

(3]

(5]

(6]

(7]

(8]

(9

[10]

(11]

(12]

(23]

[14]

[15]

[16]

in (24) and (29) does not have any significant

weight at all, since we can for instance take in the foIIowmgﬂ

equalities:

N—1 N—1
<N <N * ]w%
5tg e

" sin?(¢)
S[E (21 + € = B st Z (7 + ¢ — )]

N1 (31)
an1gne* iRy

NN+1)
5,182 e

(n1—no+

sin?(m¢)
Sln[N n1+¢ = k)]sin[F (n2 + ¢ — k)] |
wheren; —ns + NVt~ N¥+1 and e/ ¥ | = eV = 1.
We can conclude thatly(—¢) = J¢(¢).
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