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Abstract— This paper presents a reduced complexity frequency offset estimation method as a modification to the nonlinear least square (NLS) method from [3]. The complexity
reduction is achieved by utilizing the Chirp-Z transform. At
the same estimation performance, the complexity gain, defined as the complexity ratio between the NLS method and
the proposed method, can be approximately from 2 to 9 depending on the implemented complexity of the NLS method.
At similar complexity, the estimation performance gain, defined as the mean square error ratio between the NLS method
and the proposed method, can be approximately from 1.5 dB
to 8.5 dB depending on the operating SNR value. We also
present a modified training structure that can give approximately from 2.5 dB to 10.5 dB estimation performance gain
over the training structures of [3] and IEEE 802.11a.

I. I NTRODUCTION
OFDM has been adopted in several wireless standards such as European digital audio and video broadcasting standards (DAB, DVB), wireless local area networks (WLAN) standards HiperLAN-2 and IEEE 802.11a,
and wireless metropolitan area networks standard IEEE
802.16a. OFDM increases the spectrum efficiency by allowing the subcarrier spectra to overlap. As a side effect, OFDM becomes much more sensitive to frequency
offsets which destroys orthogonality among the subcarriers and causes inter-carrier interference. Several methods
(e.g. [1] [2]) have been proposed for OFDM frequency
offset estimation. Recently, a non-linear least square
(NLS) frequency offset estimation method for OFDMbased WLANs has been proposed in [3] using the training structure adopted in the IEEE 802.11a [4]. [3] also
proposed a training structure which outperforms the IEEE
802.11a training structure.
In this paper, we present a reduced complexity frequency offset estimation method as a modification to the
NLS method. The NLS method is implemented by the fast

Fourier transform (FFT) algorithm. The complexity is de
termined by the FFT size ( ) used in the NLS method
which is much larger than the FFT size used in the OFDM
modulation/demodulation. The estimation accuracy of the
 .
NLS method is determined by the channel SNR and
As a modification to the NLS method, the proposed reduced complexity (RC) method uses a smaller size FFT


(  ) and a chirp-Z transform (CZT) of size ( ). When
      , both the NLS and the RC method will
have the same resolution of the normalized frequency offset bins in the estimation and hence, the same estimation
accuracy.
At the same estimation performance, the complexity
gain, defined as the complexity ratio between the NLS and
the proposed method, can be approximately 2, 4 and 9 for
 = 256, 512 and 2048, respectively. At similar complexity, the estimation performance gain, defined as the mean
square error ratio between the NLS method and the proposed method, can be approximately 1.5 dB at SNR = 0
dB or 5 dB. For higher SNR values, the estimation performance gain increases and at SNR = 20 dB, it is approximately 8.5 dB.
We also present a modified training structure that can
give approximately from 2.5 dB to 10.5 dB estimation performance gain over the training structure proposed in [3]
while using the same training signal energy and the same
time interval for the training signal.
The rest of the paper is organized as follows. Section II describes the signal model. Section III presents
the proposed reduced complexity frequency offset estimation method. The modified training structure is introduced in Section IV. The complexity and the estimation
performance are discussed in Section V and conclusions
are given in Section VI.
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(a) IEEE 802.11a training preamble structure



20 short training symbols
CP

CP

Data

CP

Data



(b) The training structure proposed in [3]
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(c) The proposed training structure

Fig. 1. The training structures for OFDM-based WLANs
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The discrete-time complex baseband OFDM signal



, sampled at the rate of
(
= subcarrier
spacing), are transmitted through a frequency selective fading channel. Assuming that the timing synchronization

eliminates ISI, the receive-filter output samples
can
be given by
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Apart from the phase terms introduced by the frequency
offset, the rows of 9 are identical. Let H be a matrix of
 :I* given by
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where & is the carrier frequency offset normalized by the
#%
is a
subcarrier spacing, ' is an arbitrary carrier phase,

( ) ,
zero-mean
complex
Gaussian
noise
with
a
variance
of
 
and
is the receive-filter output signal component.
Due to the oscillators’ inaccuracies and the Doppler shift
of the mobile wireless channel, frequency offsets are unavoidable at the receiver. Since OFDM is much more sensitive to the frequency offset error than single carrier systems, training signal based frequency offset estimation is
usually applied at the receiver. The IEEE 802.11a wireless LAN standard [4] adopted a training preamble structure which contains 10 identical short OFDM symbols of
length * = 16 samples each (the first short symbol serves
as a cyclic prefix guard interval), followed by two identical
long OFDM symbols of length 64 samples and the corresponding cyclic prefix guard interval of length 32 samples.
In [3], another training structure was proposed which
!
contains +
= 20 identical short OFDM symbols (obtained by repeating the first part of the IEEE 802.11a train0/
ing structure). Both training structures contain , .training samples. [3] reported that its proposed training
structure outperforms the IEEE 802.11a training structure.
Both training structures are depicted in Fig. 1(a) and (b).
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where \ represents an element-wise product and the superscripts * and denote the conjugate and the transpose,
respectively. Then the NLS frequency offset estimation
method can be given by
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larger complexity. To improve the accuracy and reduce the
complexity, we propose the following reduced complexity

(RC) method. First, we apply the NLS method with  
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We apply the -point CZT ( is a power of 2 and
+ ) to each column of 9 as follows:
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Then the RC frequency offset estimate is given by
h



h !
& [
*


  

@Qij `bklGmXnpkq
<

a <

eC

V. C OMPLEXITY

(8)

The CZT efficiently evaluates the Z-transform of a finite duration sequence along certain general contours in
the Z-plane [5]. If the contour is on a unit circle,
the CZT evaluates the DFT of the sequence over the
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the first short symbol serves as a cyclic prefix and the remaining 19 short symbols can be used in the estimation.
  P / , only 18 short symbols can be used in the
When
estimation since the first and the 11 th short symbols serve
as cyclic prefixes. The first short symbol is discarded as
  OFDM
before. In the frequency offset estimation, the
data symbols between the training signals and the 11 th
short training symbol (cyclic prefix) are replaced with zeros. Then both the NLS method and the RC method can be
applied to the zero-masked received training vector.

(11)

The frequency
offset estimation range of the RC method is
 ! u W 
V    ] which is approximately the same
[-  V ,  V
as that of the NLS method.
IV. M ODIFIED T RAINING S TRUCTURE
The modified training structure is presented in Fig. 1(c).
Total number of training samples are the same as the training signal of [3] or IEEE 802.11a. In fact, the modified training structure contains the same 20 identical short
OFDM symbols as in the training signal of [3]. The difference from [3] is that the first 10 short symbols and the last
 OFDM data sym10 short symbols are separated by
  /

, the modified training structure
bols. Hence, if
   /,
is equivalent to the training signal of [3]. When
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E STIMATION P ERFORMANCE

In the NLS method, the trial values of & correspond to
equally spaced points on the unit circle with the resolution of the trial normalized frequency offset points in
   *   . The RC method first obthe estimation being
h
tains the initial estimate & [ from the trial values corre
sponding to  equally spaced points on the unit circle

 ) with the resolution of    *    . Then by us(  {
 
ing -point CZT, the RC method finds the estimate from
 equally spaced
the trial values corresponding to the
points over an arc on the unit circle. The arc length corh A h !      G
responds to the estimation range of ` & [ & [

  *      .* When.
The final frequency resolution is
      , both methods have the same frequency
resolution in the estimation and hence, the same estimation performance. But the estimation complexities are different. Similarly, if the complexities are kept the same,
both methods will have different estimation performance.
The complexities of both methods in terms of the numbers of real multiplication (#RM), real addition (#RA), and
comparison (#Cmp) are given below. For the NLS method,
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Fig. 2. The complexity gain of the proposed RC method over the NLS
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Fig. 3.
The estimation complexities of the NLS and RC methods
( . Q ! ) relative to that of the NLS with ! = 512

In Fig. 2, the complexity gain, defined as the complexity ratio between the NLS and the proposed RC method,
 , the number of FFT
is plotted for several values of
points in the NLS method. To keep the same estimation
 = 256, 512, 1024,
accuracy as the NLS method with

2048, 4096, the RC method uses  = 32, 32, 64, 128,
  = 16, 32, 32, 32, 64, respectively (i.e., sat128, and

    ). The complexity gain is approxiisfying 
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Fig. 4. The comparison of estimation MSE performance of the proposed
RC method and the NLS method
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of  and
are the same as in Fig. 2. It can be observed that to achieve the same estimation performance as
 = 4096, the reduced complexity
the NLS method with
method requires an amount of complexity similar to that of
 = 512 while the NLS with  = 4096 rethe NLS with
quires more than 10 times the complexity of the NLS with
 = 512.
The estimation mean square error (MSE) performances
are evaluated by simulation. The simulation parameters
  vyx , the IEEE 802.11a short training symbol, and
are
& = 0.4. The multipath Rayleigh fading channel with 8
sample-spaced taps is considered. The channel power delay profile is with a -3 dB per tap decaying factor. Fig.
4 presents the MSE performance of the NLS method and
     , both methods have
the RC method. When 
essentially the same MSE performance. The RC method
can achieve both estimation performance improvement and
complexity reduction at the same time. For example, the

  = 32 has a smaller comRC method with  = 128 and
plexity (see Fig. 3) and a better MSE performance than the
 = 512 (see Fig. 4).
NLS method with
Fig. 5 presents the MSE performance obtained with the
  = 0) and the proposed structraining structure of [3] (
P

  /
 inture (
) by using the NLS method. As
creases, the improvement of the proposed training structure becomes larger except at very low SNR. The MSE
 = 8 and 12 is due to the frequency resolution
floor of

 = 8192, the above floor is
= 2048. By using
using
  (say 12)
removed. For very low SNR, a large value of
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gives a worse performance. This effect can be explained
by the estimation metric trajectory plotted in Fig. 6. As
  increases, the metric trajectory around the maximum
point (which corresponds to the frequency offset) becomes
sharper, hence giving a better estimation accuracy. But as
  becomes quite large (say 12), the peaks of adjacent side
lobes become comparable to that of the main lobe. These
large side lobes bring in more vulnerability to estimation
errors in very low SNR conditions. For the considered sys = 4 has adjacent side-lobes with peak
tem parameters,
about 0.75 times the main lobe peak. Hence, for other
 can easily be chosen
system parameters, the value of
from the metric trajectories with maximum side-lobe peaks
around 0.75 (or less) times the main lobe peak.
Note that only 18 short symbols are used in the estimation based on the modified structure while 19 short symbols are used in that of [3]. Hence, the estimation complexity associated with the modified structure is accordingly reduced if the same estimation method is used. Further complexity reduction can be achieved by using the proposed
RC method.
VI. C ONCLUSIONS
We have presented a reduced complexity, improved frequency offset estimation for OFDM-based WLANs. By
applying CZT, the proposed method reduces the complexity of FFT-based NLS method. Depending on the required
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Fig. 6. The frequency offset estimation metric trajectories of the modified training structure with different values of



estimation accuracy, the complexity can be reduced accordingly. For the same estimation performance as the
NLS method, the complexity reduction of the proposed
method is larger at a higher estimation accuracy determined by a better resolution of the trial frequency offset
points. Both estimation performance improvement and
complexity reduction can be achieved at the same time.
A modified training structure is also proposed. Depending on the SNR and the parameter of the modified training structure, the estimation MSE can be reduced by an
amount approximately from 2.5 dB to 10.5 dB if compared to the existing training signal structures. The modified training structure provides an estimation performance
improvement and a complexity reduction while requiring
the same training energy and the same training time interval as the existing training signal structures.
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