
In this letter, we propose a novel frequency offset estimation 
algorithm for space-time block code (STBC) orthogonal 
frequency division multiplexing systems. The algorithm mainly 
exploits the specific construction of STBC so that it does not 
need any additional pilots or sequences in the data field. The 
estimator is derived on the basis of the maximum likelihood 
theory. Simulation results show that this method can provide a 
significant performance improvement in terms of the estimation 
accuracy of the frequency offset. 
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I. Introduction 
The application of multiple-input multiple-output (MIMO) 

orthogonal frequency division multiplexing (OFDM) systems 
combined with space-time block code (STBC) can offer a 
diversity gain to improve the performance in wireless fading 
channels [1]. The MIMO-OFDM system is very sensitive to 
the carrier frequency offset (FO) since the orthogonality among 
subcarriers is destroyed in such a case. In a practical system, 
the residual FO (RFO) inevitably exists after the frequency 
synchronization. Especially when the frame is long enough, the 
RFO will accumulate greatly. This significantly affects the bit 
error rate (BER) of the system. To obtain an appropriate 
correction, two popular tracking algorithms are proposed to 
estimate the RFO. One is the cyclic prefix (CP)-aided 
algorithm, which has been applied in digital video broadcast 
systems, with lengths of 25%, 12.5%, 6.25%, and 3.125% of 
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an OFDM symbol [2]. The other one is the pilot-aided 
algorithm, which uses the pilots embedded within the data 
payload. In an OFDM system such as IEEE 802.11a, four 
subcarriers are used for this purpose [3]. This method has also 
been applied both in MIMO-OFDM [4], [5] and STBC-
OFDM systems [6], [7]. 

The FO estimation schemes described above require 
additional aided data. Our approach in this letter focuses on the 
use of transmit data for FO estimation. It exploits the data 
redundancy from STBC in MIMO-OFDM symbols. We derive 
the maximum likelihood (ML) estimator of the RFO and 
propose the related estimation algorithm. We give the mean-
squared error (MSE) expression for the estimator and analyze the 
benefits of the algorithm. 

The main contributions of this letter are as follows: 
 A novel FO estimation algorithm without aided pilots is 
proposed for STBC-OFDM systems. 
 The relationship between two successive signals at receive 
antennas is established. 
 Simulations are performed in comparison with existing 
algorithms and show a great improvement in terms of the 
estimation of FO and system performance. 

II. Signal Model 

A 2×2 STBC-OFDM system is considered in this letter. The 
STBC signal transmit matrix across the transmit antennas at the 
conjunctive time instant has the structure as [1] 
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where n=0, 1, 2,…, the row wise of matrix S denotes the 
temporal domain, and the column wise of matrix S denotes the 
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spatial domain. 
The successive OFDM received signal on subcarrier k can 

be expressed as [8] 
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where denotes the FO normalized by the subcarrier spacing, 
is the unknown phase offset at time index 2n+1, N is the 

number of subcarriers, N

ε
θ

g is the length of CP, st,k
(p) represents the 

OFDM symbol sent by transmit antenna p on subcarrier k at 
time index t, Nt,k

(q) stands for the additive white Gaussian noise 
observed by receive antenna q, and Hk

(q,p) is the channel state 
information (CSI) on subcarrier k between the p-th transmit 
antenna and the q-th receive antenna. All the elements in the 
matrices and vectors are complex-valued. 

We make some assumptions as follows: The FO values at 
each receive antenna are supposed to be the same [9]; the effect 
of the inter-carrier interference (ICI) caused by the RFO is small; 
different receive antennas do not correlate to each other; and the 
noise power at each antenna is considered to be equivalent.  

In the considered system, the symbol at time index 0 is the 
training symbol, which is used for channel estimation. The 
remaining symbols in the frame structure are all for the data 
transmission. 

III. Proposed Estimation Algorithm 

By stacking the symbols on each subcarrier, we obtain the 
received vector at both receive antennas:  
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The quantities Hi, st, and Nt are defined as  
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where the dimensions of the matrices Hi, st, and Nt are 2N×2N, 

2N×1, and 2N×1, respectively. The received signal Rt is also a 
2N×1 vector. 

As we assumed before that in the process of FO estimation, 
the influence of ICI in the system can be ignored. Therefore, 
the matrix Hi is a quasi-diagonal matrix. From (1) and (2), we 
get the relationship between R2n+1 and R2n+2 as 
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Based on the analysis in [10], the ML estimation of the FO, 
given the observations R2n+1 and R2n+2, is derived from (1) and 
(2), which maximizes the conditional joint density function of 
the observations. That is, 
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According to the definition in (1), gives no information 
about R

ε
2n+1. Therefore, 

2 1 2 1( | ) ( )n nf fε+ +=R R  .  

Thus, the ML function can be expressed as 
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Since N2n+1 and N2n+2 are white Gaussian noise, the distribution 
of R2n+2 is also Gaussian and has the dimension of 2N. Hence, f 
(R2n+2 | R2n+1, ) is the Gaussian distribution probability density 
function, which can be written as 
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where det(.) denotes the determinant of matrix (.) and M and P 
are the expectation and variance, respectively, as  
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where 2σ  is the noise power of subcarriers at each antenna, M 
is a 2N×1 vector, and P is a 2N×2N matrix, respectively. 
Consequently, the estimation of the FO ε can be given by 
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We define = (RΛ 2n+2−M)H PP

–1(R −M) as the log-likelihood 2n+2
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function. Since we assume that different receive antennas do 
not correlate to each other, it means that the matrix P is 
invertible. With the aid of the quasi-diagonal assumption of Hi, 
it can be found that the correlation matrix P and its inverse are 
also quasi-diagonal. Therefore, can be rewritten as a sum of 
some submatrices, which is expressed as 
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where Pk is a 2×2 matrix and Mk is a 2×1 vector. They are 
defined as  
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Substituting (4) into (3), by equating the derivative of  to 

zero
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Λ = ), the ML solution for the RFO can be 

obtained:  
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To eliminate θ, the solution for the adjacent STBC group   
(t = 2n+3, 2n+4) is also derived as  
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(8) 
By employing (7) and (8), we can simply obtain the proposed 
FO estimator as  
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where (.)2π denotes the remainder after a division to 2π, the 
range of which is [–π, π]. So, the estimation range of the 
proposed algorithm is [–1/8, 1/8], normalized to the band of the 
 

 

Fig. 1. Proposed estimate algorithm. 

Step 1. Getting the CSI matrix H. 
Step 2. Calculating⎯R2n+1,k, Pk, and⎯Pk by (5) and (6). 
Step 3. Computing 1ε according to (7). 
Step 4. Repeating step 2 and step 3 to get 2ε by (8). 
Step 5. Computing the result ε by (9). 

 

subcarrier. 
Finally, we summarize the proposed algorithm in Fig. 1. 

IV. Simulation and Discussion 

In the considered system, each OFDM symbol is composed 
of 256 subcarriers and a CP with a length of 32 sampling 
periods. The system employs the first training symbol to get the 
CSI by using the simple least square method in [11]. The first 
simulation channel model has four delay paths, which are 0, 4, 
12, and 24 sampling periods. The coefficient of each path is an 
independently generated random complex variable. The 
second simulation employs the standard channel models in 
[12]. We use the channel B in “outdoor to indoor and 
pedestrian environment,” where we set the fading rate, that is, 
the cycles per symbol fdTs = 5×10–6.  

The simulation results illustrated in Fig. 2 are for a system 
with an RFO of 4% normalized to the subcarrier. We compare 
the proposed algorithm with the Cramer-Rao bound (CRB) 
proposed by Morellie & Mengali (M&M) in [13]. From Fig. 2, 
it can be seen that the performance of the proposed estimator is 
much better than the CRB of M&M. In particular, in the 
condition of the first channel model, the proposed algorithm 
has an 8 dB gain at the MSE level of 10–5. In the second 
channel model, it still delivers a good performance despite the 
fading channel of the Doppler frequency. Both the proposed 
algorithm and the M&M algorithm require one training 
symbol in practice, as the proposed algorithm needs an 
estimate of the channel, and the M&M algorithm uses it for the 
FO computation itself. Therefore, the throughput and effective 
SNR between the two methods are directly comparable.  

Figure 2 also shows that when the CSI is estimated perfectly, 
the performance of the algorithm will increase, especially in the 
case of low SNR. Thus, the estimation accuracy of CSI should 

 
 

Fig. 2. MSE of proposed algorithm with normalized FO of 4%.
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Fig. 3. (a) MSE and (b) BER performance of proposed algorithm
and compared method. 
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be guaranteed to ensure the accuracy of the algorithm. 

We also compare the performance of the proposed algorithm 
with the existing algorithm in [6], which proposed an 
averaging approach for FO estimation in a 2×2 STBC-OFDM 
system. The type of modulation is quadrature phase shift 
keying. Perfect timing synchronization is assumed in the 
simulation. We consider the Rayleigh fading channel, and its 
power delay profile follows the exponential model as 
mentioned in [6]. 

Figure 3(a) demonstrates the MSE of the proposed estimator 
and the compared method. The FO is 1% of the subcarrier. It 
can be seen that there is a great improvement when utilizing 
our method. This significant improvement comes from the fact 
that we use the whole data symbol to achieve the relevant 
computation while the compared method only uses the special 
pilots and requires a moving averaging scheme. 

Figure 3(b) shows the system BER performance with a 
normalized FO of 0.5% and 1%, respectively. We use the first 
two successive OFDM data symbols of a frame for FO 
estimation. Once the result is known, the phase offset on each 
data subcarrier can be compensated. In the simulation, we use 
the Zero-Forcing detector. The system of the proposed 
algorithm outperforms that of the existing algorithm in [6]. 
With the SNR increases, the advantage becomes more evident. 
In our system, after the FO is corrected, the BER performance 
of the FO of 0.5% is nearly the same as that of the FO of 1%.  

V. Conclusion 

In this letter, we proposed an FO estimation method for 
STBC MIMO-OFDM systems. The estimator is derived on the 
basis of the ML theory. It exploits the data redundancy from 

STBC and considers the use of transmit data itself for 
estimation. Therefore, it does not need any additional pilots or 
sequences; hence, it results in a high efficiency in spectrum. 
Moreover, we have shown that it can provide a large estimation 
accuracy improvement compared to the classical pilot-aided 
algorithms and enhance the performance of the STBC-OFDM 
system. 
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