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Carrier Freqguency Offset Estimation for
OFDM-Based WLANs
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Abstract—We present an efficient carrier frequency offset

(CFO) estimation algorithm for the orthogonal frequency-divi- J}; TTT T TTT Iﬂ( j(

sion multiplexing (OFDM)-based wireless local area networks itatstetstetrtetoty] Gi2y Tp ¢ To O SIGNA%‘ DATA>
(WLANS). The packet preamble information we use is based LUl i
on the high rate WLAN standards adopted by the IEEE 802.11

standardization group. Numerical results are presented to demon-
strate the effectiveness of the proposed algorithm.

ortlﬁgggnller?r]:;é?wrcr;ezii]:/rii,(i]ounenr?]{jl%%);imlgm( (gllglejlilxr}l()m?/vi(r'\élllé)és exponential accounting for the frequency offset, these nine short
; ' OFDM symbols will still be identical to each other (note that
local area network (WLAN).
( ) being affected by the channel-induced intersymbol interference
the first OFDM symbol must be discarded). Likewise, due to
. INTRODUCTION GI2, the two long OFDM symbols will be identical to each other
RTHOGONAL frequency-division multiplexing @S \_/veII at the receiver. We use the subscripendL to dlffer—. .
(OFDM) has been selected as the basis for the h@ﬁmate the variables due to the short and long OFDM training

speed wireless local area network (WLAN) standards by tR¥mPols, respectively. Lets(m, n) (n = 0, -, Ns — 1,
IEEE 802.11 standardization group [1]. The packet preamdidth Ns = 16, andm = 1, ---, Mg — 1, with M5 = 10)
specified by the IEEE standard (see Fig. 1) consists of #§note thenth sample of themth noise-free short OFDM
identical short OFDM symbols (each containing 16 data sangYMPol after removing the cyclic prefix but prior to taking the
ples) and twddenticallong symbols (each containing 64 datd£ FT or estimating and equalizing the channel at the receiver.
samples). Between the short and long OFDM symbols, therd{§te thatzs(m, n) = ws(1, n)exp[j2r(m — 1)Ns¢] for

a guard interval (GI2) of length 32 that constitutes the cycli® = 1, -+, Ms —1, with £ being the CFO. We do not require
prefix of the long symbols. These symbols can be used for thBannel knowledge and treag(1, n), n = 0, ---, N — 1
carrier frequency offset (CFO) estimation, which is importa®S @ deterministic unknown. Lefs(m, n) denote the noisy
in an OFDM receiver. In [2]-[5], the CFO is estimated base@HtPut at the receiver, i.eys(m, n) = xs(m, n) + cs(m, n)

on some repeated OFDM symbols with structures that apberees(m, n) is the additive zero-mean Gaussian noise. Let
different from some of those we consider herein. For example, _ T _

the approach in [5] cannot be used directly with both the sha ) = st n) e ys(Ms=Lm)lF, 0 =0, -, N?;l—)l
and long OFDM symbols in Fig. 1. The objective of this Ietteélnd

is to estimate the CFO with these OFDM symbols via a hig

performance nonlinear least squares (NLS) fitting approach. as(&) =[1 /™. GJ'?w(Ms—2)e]T 2)

Fig.1. OFDM preamble structure adopted by the IEEE 802.11 standardization
group.

Il. PROBLEM FORMATION where(-)T denotes the transpose ang: Ns¢. Then we have

We consider a frequency-selective fading channel by modys(n) = as(§)zs(l,n) +es(n), n=0,---,Ng—1 (3)
eling the channel impulse response as a finite impulse response . Mool
(FIR) filter with the filter length assumed to be shorter than YNerees(n) is formed from{eS(m}\Z)}flil in the same way

short OFDM symbol. Hence, the first short OFDM symbol igs(n) is formed from{ys(m, n)},,%; " Similar expressions

effectively a cyclic prefix for the other nine short OFDM sym-can be readily obtained for the two long OFDM symbols

bols. Atan OFDM receiver, apart from a multiplicative complexyL(n) =an(Ozp(l,n)+erln), n=0,---,N,—1 (4)
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exp{j2n[(Ms —1)Ns + N.,|¢}, wherelV,,, = 32 is the length
of GI2.

Our problem of interest herein is to estimate the GH@®m
vs(n) andy(n) without knowing the training symbol values
or the underlying FIR channel.

CAB (9 short+2 fong sym.)
MSE (9 short+2 long sym.)
CAB (9 short symbols)
MSE (¢ short symbols)
CRB (2 long symbols)
- MSE {2 long symbols)

~=  CRB {19 shorl symbols)
= MSE (19 short symbots)

e,

I1l. ALGORITHM

The last two short OFDM symbols are intended by the IEEE e e e B
802.11 standardization group for coarse CFO estimation. Yet all SNA (4B)

of the nine short OFDM symbols can be used by minimiZing th—‘;r‘g. 2. Comparison of MSEs with CRBs as a function of SNR for the OFDM

following nonlinear squares (NLS) cost function
C(1 (ga {$S(1a n)}r]:ri(;l)

Ng—1
= Y lys(n) — as(©s(1,n)|?

carrier frequency offset estimates with a frequency-selective fading channel.

IV. NUMERICAL RESULTS

We evaluate the algorithm performance for a frequency-se-
lective fading channel by assuming that the packet timing is

7 : :
= % available. We sef = 0.08/Ns and the channel impulse func-
tion is chosen ah = [¢/13® 0.5¢/030 0.3¢772-0?]7, The
where || - || denotes the Euclidean norm. Note that whemean-squared errors (MSEs) of the CFO estimates are obtained

the additive noise is white and Gaussian, the above NIf®m 200 Monte Carlo trials and are compared with the corre-

estimates are the maximum likelihood estimates conditionggonding Cramér—Rao bounds (CRBs) as a function of SNR,
onzs(1, n). When the noise is not white, the NLS estimateghich is defined as the ratio of the average energy per sample to
can still have excellent accuracy [6], [7]. The minimization othe variance of the additive white Gaussian noise. Fig. 2 shows

Ci(&, {zs(1, n)}Y251Y in (7) with respect tacs(1, n) andé

n=0
yields
. 1 H _ N
is(1n) = =g al(©ys) [z, n =0 Ns =1
(8)

and

R 1 Ns—1 )

{=agmax o 3 [al©@ys]” (@)

n=0

the MSEs and CRBs of the CFO estimates versus SNR when
using only nine short, only 2 long, both nine short and two long
OFDM symbols, and 19 short OFDM symbols (this new pre-
amble is to replace GIZ;, and1; with ¢; ~ ¢4 and eliminate
the windowing betweeti o and GI2 so that there are 20 identical
short OFDM symbols in the preamble). Observe from Fig. 2 that
using only the nine short OFDM symbols yields an improve-
ment of about 2.7 dB with respect to using only the long ones.
Using both the nine short and two long OFDM symbols yields
an extra improvement of 1.9 dB. A performance improvement
of 9.8 dB is obtained by using 19 short symbols with respect to

which, by taking into account (2), can be computed efficientlysing nine short symbols.

by applying one-dimensional (1-D) FFT to each(n) (padding

with zeros is necessary to achieve high estimation accuracy and

we zero-pad to 512 in our simulations).

V. CONCLUSIONS
We have presented an efficient CFO estimation algorithm for

The two long OFDM symbols are intended by the IEER,o oFpM based WLANS by using the packet preamble struc-
802.11 standardization group for fine CFO estimation, whigy;e adopted by the IEEE 802.11 standardization group. We
can be obtained similar to (9). Sindd; = 2, a closed-form e found that using only the short OFDM symbols results in

solution is possible

Np—1
é: arg < Z yﬁ(o’n)y;(lvn)> (10)

n=0

1
27TNL

a 2.7 dB improvement in accuracy with respect to using only

the long OFDM symbols. Using both yields the best perfor-

mance with an extra improvement of 1.9 dB in accuracy. We
have also found that using 19 short symbols yields a perfor-
mance improvement of about 9.8 dB with respect to using nine

wherearg(-) denotes argument aig* stands for complex con- short symbols. This new preamble may be considered if much

jugate.

better blind CFO frequency offset estimation is needed.

However, both the short and the long OFDM symbols can be

used together to obtain the NLS CFO estimate as follows:

. 1 &
&= arg mgax{m nzz:o |ag(£)YS(”)|2
] MNet )
*ary 2 [l ©w) } (1)
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