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Abstract

In OFDM communications, the loss of orthogonality due to the carrier frequency
offset must be compensated before DFT-based demodulation can be performed. This
paper proposes a new carrier offset estimation technique for OFDM communications
over a frequency-selective fading channel. We exploit the intrinsic structure information
of OFDM signals to derive a carrier offset estimator that offers the accuracy of a super
resolution subspace method, ESPRIT.
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1 Introduction

Orthogonal Frequency Division Multiplexing (OFDM) has received increasing attention in
wireless broadcasting systems for its ability to mitigate the frequency-dependent distortion
across the channel bandwidth [1]. While inherently robust against multipath fading, OFDM
has been shown to be very sensitive to carrier drifts [2]. A carrier offset at the receiver can
cause loss of subcarrier orthogonality, and thus can introduce interchannel interference (ICI)
and severely degrade the system performance [2]. Accurate carrier offset estimation and com-
pensation is more critical in OFDM than other modulation schemes. Most existing carrier
estimation techniques rely on periodic transmission of reference symbols, which inevitably

reduces bandwidth efficiency [3].

Recently, carrier offset estimators that exploit the redundancy of the cyclic prefix in
OFDM [4] were proposed. Although no explicit pilot signal is required, the cyclic prefix
based algorithms hinge on the availability of an excess cyclic prefix, i.e. the cyclic prefix
beyond the length of the fading channel. In this sense, the bandwidth efficiency of the system
is still affected since the extra cyclic prefix acts like pilots. More over such schemes can only

estimate the frequency offset to the closest subcarrier because of mod 27 ambiguity.

The other class of blind estimators [5] have two steps for coarse and fine acquisition and
restrictions on system design. Another approach was proposed by Luise and Reggianini [6]
with data-aided frequency acquisition step followed by a blind decision-directed tracking

algorithm that allows for greater accuracy.

This paper proposes a new solution to the carrier offset estimation problem without
using reference symbols, pilot carriers or excess cyclic prefix. The technique developed here
provides a high accuracy carrier offset estimate by taking advantage of the inherent structure
of OFDM signals. Even when the OFDM signal is distorted by an unknown carrier offset,
the received signal possesses a certain algebraic structure which will be shown to be sufficient

to accomplish blind carrier estimation. The proposed estimator is in analytic form and the



acquisition range is not limited to one-half the subcarrier spacing as is the case with some
other algorithms [4]. A salient feature of this subspace based algorithm is that it can offer

the performance of a super-resolution subspace algorithm, viz. ESPRIT [8].

2 Problem Formulation

2.1 OFDM Principles

Conceptually the OFDM modulation is comprised of serial-to-parallel conversion, an IDFT,
and parallel-to-serial conversion. Let s(k) = [so(k)---sp_1(k)]", where (-)* denotes trans-
pose, be the information bearing sequence at time k. OFDM modulation is implemented
by applying an N-length IDFT operator to the data sequence s(k), that is made up of P
symbols from the data stream, padded with N — P zeros. N P because sufficiently wide
filter guard bands are needed for reliable communications. In the IEEE 802.11a standard
draft [9] for example, N = 64 and P = 48. The N — P unused subcarriers are often referred
to as the virtual carriers [7]. Note that it is not necessary to create the virtual carriers at the
transmitter, oversampling at the receiver site creates the same effect [7]. For presentational
simplicity, we index subcarriers 0 to P — 1 as the usable subcarriersand Pto N —1

as the virtual carriers.

The N samples of the IDFT output are given by (k) =  ,s(k) where , comprises
the first P columns of the N N inverse DFT matrix . Once (k) is obtained, an N -
point cyclic prefix is added to the IDFT output to cope with the FIR composite channel
of length | N [1]. The removal of the cyclic prefix at the receiver end makes the
received sequence the circular convolution of the transmitted sequence with the channel
impulse response () ;' [1]. Within the kth block, only the prefix portion of the signal
will be affected by leakage from the previous blocks since the channel length N . The

effect of the channel is a mere scaling on each subchannel. In particular, the data samples



of the kth block without the prefix can be expressed as

(k) = [o(k) -+ (k)] (1)

= » »S(k)
where , = diag( (0) --- (P —1)), diag(-) is the diagonal matrix with main diagonal
()and () = o' () ~ . Clearly, each subchannel can be recovered within a scalar

ambiguity by applying the DFT to (k), , (k)= 5 [so(k) - - sp_1(K)]".

2.2 rrier O se
In the presence of a carrier offset, , the th received sample obtained every  seconds is
modulated by a residual carrier = . Taking into account the removed prefix, the

received N-point signal (k) becomes

(k)= » »sk) = »s(k) (2)

where = diag(1 1 ). Since , » = , the  matrix destroys the
orthogonality among the subchannel carriers and introduces interchannel interference. To
recover s(k) , the carrier offset, , needs to be estimated and compensated before perform-
ing the DFT. The problem addressed in this paper is that of the estimation of the carrier
offset  from the receiver inputs, (k) ;, without the use of any training sequence or
known input symbols. A new blind carrier offset estimator with fixed computational cost is
presented in this section which resembles the ESPRIT [8] in the it exploits the data struc-
ture. The estimator inherits its robustness to frequency selective channel from ESPRIT.

Previously, we proposed to use the data structure using the orthogonality of the carriers in

a MUSIC-like algorithm [7].



2. P lie 1

The standard ESPRIT algorithm exploits the shift invariant structure available in the signal

subspace of cisoids and estimates the parameters of interest through subspace decomposition

and generalized eigenvalue calculation [8] and is not inherently limited in range to a portion

of the unit circle [8]. We show in the following that in OFDM, the shift invariant structure

that enables ESPRIT manifests itself directly in the received signal.

iven the kth block of the received signal (1), one can form (N —

1 P

where () denotes con ugate transpose. From (2), it can be easily verified that

(k)= 1 s(k)
where 1 consists of the first 1 rows of ., and
1 = diag 1 e -+ e
= diag 1 e e Tt =21 N
Similarly the backward vector  is given by
1 0
(k) = 1 1 - o s (k)

— 1) blocks of

1 consecutive samples in both the forward and backward directions as follows

(3)



where (-) denotes the complex con ugate. Then upon defining 1= 1 1, the

sample covariance matrix can be expressed as

The P eigenvectors of 1 that span the signal subspace can be obtained by using spectral
value decomposition (S D) [10, pp.70-75]. ESPRIT has very good finite sample perfor-
mance [8]. owever, for 1 to have rank P, we require the selection of  should be done
considering the estimation accuracy and frequency drifts if not selected large enough, the
sampled covariance matrix will not span the signal space and if selected too large, estimation
will be sensitive to model errors as the carrier offset drifts. The shift invariant structure of

1 is exploited to find the eigenvalues of the diagonal matrix

= ( 1(1 1 P)) 1(2 11 P) (7)

where (-) denotes the pseudo inverse. The latter computation can be performed using

€ 11 because P [10, pp.311-313]. The above gives a similarity transformation
of  which preserves the eigenvalues of . Since the trace of s s , We can
estimate from the sum of eigenvalues of ., or simply its trace. In particular, can be

calculated as

S p—— 2 N Q

The estimation is in closed-form and thus is better than the MUSIC-like searching algo-

rithm [7] in terms of resolution.



umerical e ult

Computer simulations were performed for an OFDM system with N = 64 carriers, P = 40
used carriers and the cylic prefix length N = 11. The carrier offset is estimated using the
algorithm described in Section 2.3. The actual carrier frequency offset is0 1 , where = —

is the channel spacing. The signal-to-noise ratio (SNR) is defined as

N =20log 83 9)

where (k) is the additive white aussian noise vector for data block k. The normalized mean

square error (MSE) defined below is employed as a performance measure of the estimator
— (10)

where is the estimate of obtained using the ESPRIT-like algorithm and N is the number

of Monte Carlo (MC) trials.

In the first example in Figure 1, the normalized MSE over 200 MC realizations is shown.
The SNR was varied from 0 to 25 d . In this simulation, the channel is assumed to be
at-fading and the only impairment is additive noise. The proposed ESPRIT-like estimator
uses = 10 data blocks and the sample vectors are of length 1 = 61, smoothed by a
factor of 4. For comparison, we also estimated the carrier offset with the cyclic-prefix based
i iei (ML) method by an de eek et. al. [4]. It is seen that the performance

of the ESPRIT-like algorithm is superior in performance even for small . The particular
offset 01 is a non-integer and a rational, which is not sub ect to the constraints in [5].

ence, we show that the algorithm works for arbitrary values of carrier offset.

OFDM is proposed for multipath frequency selective fading channels so it is of interest to

compare the methods in a multipath fading environment. Figure 2 shows the performance of



the ESPRIT-like algorithm on this channel with all parameters the same as in the previous
setup except for multipath channel whose sampled impulse response is given by = [0 77

038 0000000058 —058— 067 ]". The blind carrier offset estimation algorithm
employed by an de eek et.al. [4] assumes a at-fading channel and thus suffers from
multipath effects in frequency selective multipath fading channels. The degradation may
be significant for channels that have support up to the cyclic prefix length. In this case,
cyclic-prefix based methods have an error oor which cannot be improved by increasing
the signal-to-noise ratio [4] as can be seen in Figure 2. The ESPRIT-like algorithm offers
excellent performance as indicated by the large gap between the MSE of ESPRIT and the

cyclic-prefix based method.

onclu ion

A new technique is presented for blind synchronization of OFDM communications over fading
channels encountered in digital broadcasting and cellular communications. ESPRIT-like
blind estimation algorithm exploits the structure information of OFDM signals with low
fixed complexity. We have compared the acquisition performance of this blind algorithm

with the cyclic-prefix based ML algorithm by an de eek et.al. [4].
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Figure 2 MSE vs SNR, Multipath Fading
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