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Abstract 
 

A practical iterative channel estimation technique is proposed for the 
multiple-input-multiple-output orthogonal frequency division multiplexing (MIMO-OFDM) 
system in the high-speed mobile environment, such as high speed railway scenario. In the 
iterative algorithm, the Kalman filter and data detection are jointed to estimate the 
time-varying channel, where the detection error is considered as part of the noise in the 
Kalman recursion in each iteration to reduce the effect of the detection error propagation. 
Moreover, the employed Kalman filter is from the canonical state space model, which does not 
include the parameters of the autoregressive (AR) model, so the proposed method does not 
need to estimate the parameters of AR model, whose accuracy affects the convergence speed. 
Simulation results show that the proposed method is robust to the fast time-varying channel, 
and it can obtain more gains compared with the available methods. 
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1. Introduction 

Orthogonal frequency division multiplexing (OFDM) system has the high frequency 
utilization efficiency and the strong multipath resistance. Meanwhile, the 
multiple-input-multiple-output (MIMO) can provide higher data rates by using parallel 
channels established in spatial domain over the same time and frequency without extra 
bandwidth. Thus, the MIMO-OFDM system that combines the advantages of the OFDM and 
MIMO has been considered as a key technology for the fourth generation wireless 
communication systems, and it has been employed in many practical applications  [1]. 

Since the channel state information is required for the diversity combining, detection, 
precoding, and the spectrum sharing [2] etc., the channel estimation is essential for the 
MIMO-OFDM system to bring out the advantages of the MIMO-OFDM. Currently, the 
various channel estimation schemes have been presented for the MIMO-OFDM system [3]-[5], 
the most of which are based on the assumption of the quasi-static or slow time-varying fading 
channel within a MIMO-OFDM block. However, the assumption is invalid in the high speed 
mobile scenario, such as high speed railway, and the estimation errors by those techniques will 
be too high to be used in the equalization. In the high speed mobile environment, the variation 
of the channel introduces the intercarrier interference (ICI) during one OFDM symbol period, 
which is consequently becoming a serious challenge for the MIMO-OFDM system [6]-[7]. 
Therefore, the time-variation of channel within a block must be considered to support the high 
speed mobile channels. 

In the high speed mobile scenario, many time-varying channel estimation techniques have 
been presented for the mobile MIMO-OFDM system [8]-[12]. Among these schemes in 
[8]-[10], the Kalman filter theory based the MIMO-OFDM channel estimation algorithms 
have been discussed and are effective methods because they can track the change of the 
channel gain in the high speed scenario. In [11], a dynamic autoregressive (AR)-model based 
channel prediction is used to the interference alignment. However, in these algorithms [8]-[11], 
the parameters of the AR system need to be estimated, and it is difficult to accurately decide 
the parameters of the AR model due to the model depending on the mobile speed, which 
affects the accuracy of the channel estimation or prediction. Literature [12] gives a practical 
MIMO-OFDM channel estimation method only using the Kalman filter without the parameter 
estimation of AR model. However, the scheme in [12] is only appropriate for the pilots in the 
frequency domain, and it cannot obtain the channel estimation of the data subcarriers with the 
high accuracy because the ICI caused by the time-varying channel is not considered. 

Another line of research to improve the performance of the channel estimation is to consider 
the pilot design and channel estimation jointly [13]-[14]. Literature [13] gives a compressed 
sensing (CS) based channel estimation method, which improves the estimation accuracy by 
designing the pilot pattern to reduce the system coherence. In [14], a new data frame structure 
is presented to conveniently estimate the time-varying channel for the two-way relay networks. 
However, for the fixed frame structure, such as LTE system, these schemes will be unsuitable. 
Therefore, a time-varying channel estimation algorithm without changing the frame structure 
is desired in the high speed mobile MIMO-OFDM system. 

Recently, some iterative algorithms joint channel estimation and data detection have been 
discussed in [15]-[17]. It is the iterative interaction between the channel estimation and the 
data detection to provide significant improvement compared with the non-iterative schemes. 
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However, the detection error in these iterative algorithms is inevitable, which will result in an 
error floor due to the dominance of the error propagation. Therefore, it is necessary to take into 
account these errors in the interaction to improve the estimation accuracy of the iterative 
schemes. Although the detection error is considered in [18], it has a slow convergence speed 
due to the effect of the estimated parameters of the AR model and the covariance of the 
modeling error. 

In our previous works, we also give some time-varying channel estimation methods for the 
high speed mobile scenario [19]-[20]. These algorithms are presented for the TDD-LTE 
SC-FDMA system with the specific subframe pattern, so they are not appropriate for the other 
systems due to the different frame structures. Since the considered channel model is the 
line-of-sight (LOS) component dominant Rician channel in our previous works, the previous 
schemes ignores the intercarrier interference (ICI) caused by the time-varying channel during 
one SC-FDMA symbol period. Therefore, these algorithms in [19]-[20] have some limitations 
in terms of applicability. 

To solve the above problems, we propose a practical iterative channel estimation algorithm 
for the high speed mobile MIMO-OFDM system in the paper. Specifically, the time-variation 
of the channel is firstly approximated by the polynomial-basis expansion model (P-BEM), and 
then the Kalman filter is employed to estimate and track the BEM coefficients by the detected 
data and pilot in each iteration. To reduce the effect of the error propagation on the channel 
estimation, the detection error is considered as part of the noise in the Kalman recursion in 
each iteration. Moreover, the employed Kalman filter does not include the estimated 
parameters of the AR model, so the proposed method has a fast convergence speed and it is 
more practical for the mobile MIMO-OFDM system. 

This paper is organized as follows: Section II introduces the system model. Section III 
presents the proposed method in detail. The simulation results and conclusions are given in 
Section IV and V respectively. 

The adopted notations are as follows: { }diag x  is a diagonal matrix with x in its main 
diagonal, and { },blckdiag A B is a block diagonal matrix with the matrices A and B on its main 
diagonal. {}E ⋅  and ⊗ are the expectation and Kronecker product operations respectively. 
[X]i,j denotes the (i,j)th element of the matrix X . NI  and N0 are the N N× identity matrix and 
the matrix of zeros respectively. ( )H⋅ , ( )T⋅ and ( )*⋅ stand respectively for Hermitian, transpose, 
and conjugate operations. 

2. Signal Model 

2.1 MIMO-OFDM System Model 
Consider a MIMO-OFDM system with Nt transmit antennas and Nr receive antennas, and 

the duration of a MIMO-OFDM block is T=NsTs, where Ts is the sampling time and Ns=N+Nc, 
N and Nc are the number of the subcarriers and the length of the cyclic prefix (CP) 
respectively. Assume mx  is the mth transmitted MIMO-OFDM block, and 

( ) ( )1 ,..., t
TNT T

m m m
 =  x x x                                                         (1) 

where ( )t
mx is the mth transmitted OFDM symbol by the tht  transmit antenna, and  

javascript:void(0);
javascript:void(0);
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( ) ( ) ( )
,1 ,[ ,..., ]t t t T

m m m Nx x=x , ( )
,

t
m kx is the power-normalized information symbol sent by the tth transmit 

antenna at the kth subcarrier. After a multi-path Releigh channel, the mth received 
MIMO-OFDM block can be written as 

m m m m= +y H x w                                                                   (2) 
where ( ) ( )1[ ,..., ]rNT T T

m m m=y y y , and ( ) ( ) ( )
,1 ,[ ,..., ]r r r T

m m m Ny y=y  is the mth received OFDM symbol by the 
rth receive antenna.  ( ) ( )1[ ,..., ]rNT T T

m m m=w w w  is the 1rN N ×  white complex Gaussian noise 
vector of covariance matrix 2

rw NNσ I , and mH  is a r tN N N N×  MIMO channel matrix, i.e., 
( ) ( )

( ) ( )

1,1,1

,,1

t

r tr

N
m m

m

N NN
m m

 
 

=  
 
 

H H
H

H H



  



                                             (3) 

where ( ),r t
mH  is the channel matrix between the tth transmit antenna and rth receive antenna. The 

entries of channel matrix ( ),r t
mH  can be expressed as 

( ) ( ) ( )
( )2 '2 '1 1

, ,
,, ' 0 0

1 j i i nj i lL N
r t r tN N

m l mi i l n
e n e

N

ππ

α
−− −−

= =

  =  ∑ ∑H
                         

(4) 

where L is the number of the channel taps. ( ) ( ),
,
r t

l m nα  is the nth sampling of the lth channel tap, 
which follows Jakes’ power spectrum of the maximum Doppler frequency fd, and  ( ) ( ),

,
r t

l m nα
 
is a 

zero mean complex Gaussian processes of variances 2
lα

σ . 

Define ( ) ( ) ( ) ( ) ( ), , ,
, , ,[ 0 ,..., 1 ]r t r t r t T

l m l m l m Nα α= −α , the correlation matrix of ( ),
,
r t

l mα  for the time-lag 'τ  is 
( ) ( ) ( ){ }' , ,

, , '
r t r t H

l m l mEτ
τ−=αR α α , and its element is given by 

( ) ( )( )' 2
0, '

2 ' '
l l d s si i

J f T i i Nτ
ασ π τ  = − + αR                                   (5) 

where ( )0J ⋅  is the zero-order Bessel function of the first kind. 

2.2 BEM channel model 
Since the number of the samples to estimate t rN N LN is greater than the number of 

observation equations rN N , it is not efficient to estimate the time-varying channel in (2), and 
it needs to reduce the number of the estimated parameters. Therefore, the channel coefficient 

( ) ( ),
,
r t

l m nα is approximated by the BEM with the finite-parameters ( ),
, ,
r t

q l mc  in the paper, and it is 
given as 

( ) ( ) ( ) ( ) ( ), , ,
, , , , ,

1

Q
r t r t r t

l m n q q l m l m
q

n b c nα ζ
=

= +∑                                           (6) 

where ,n qb  is the basis function, and ( ) ( ),
,
r t

l m nζ  is the corresponding BEM modeling error, Q is 
the order of the BEM. To simplify notation, we rewrite the BEM in vector as 

( ) ( ) ( ), , ,
, , ,
r t r t r t

l m l m l m= +α Bc ζ                                                                   (7) 
where [ ] ,, n qn q

b=B  is a matrix of size N Q× , and 

( ) ( ) ( ), , ,
, 1, , , ,,...,

Tr t r t r t
l m l m Q l mc c =  c                                                               (8) 
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( ) ( ) ( ) ( ) ( ), , ,
, , ,0 ,..., 1

Tr t r t r t
l m l m l m Nζ ζ = − ζ                                                (9) 

The P-BEM based method is a simple channel modeling method without the accurate 
knowledge of the Doppler shift, and it is employed in the paper to model the time variation of 
the channel. 

Using BEM in (7) and neglecting the BEM model error, the received OFDM symbol can be 
rewritten as 

m m m m= +y Γ c w                                                                      (10) 
where 

( ) ( ) ( )

( ) ( ) ( )

( ) ( )

( ) ( ) ( )

( ) ( ){ } ( ){ }

1, ,1,1

, , ,
0, 1,

1

0, 1,

, 1

,..., ,...,

,...,

,...,

1 ,...,

,...,

t r t

t

r

TN N NT T T
m m m m

Tr t r t r tT T
m m L m

N
m N m m

t t t
m m L m

t t t
l m m l Q m l

N

diag diag

−

−

 =  

 =  
 = ⊗  

 =  

 =  

c c c c

c c c

Γ I Γ Γ

Γ Z Z

Z M x f M x f

                              (11) 

where lf  is the lth column of the N L×  Fourier matrix F  and qM  is a N N× matrix, which are 
given by 

[ ]
( )

2

,

2 '1

,, '
0

, 0,..., 1; 0,..., 1

, 0,..., 1; ' 0,..., 1

j kl
N

k l

j k k nN
N

q n qk k
n

e l L k N

b e k N k N

π

π

−

−−

=

= = − = −

  = = − = −  ∑

F

M
                               (12) 

Using the BEM coefficients, one can easily obtain ( ),r t
mH as 

( )
( )
( ){ }, ,

,
1

Q
r t r t

m q q m
q

diag
=

=∑H M Fχ                                                                (13) 

where ( )
( )

( )
( )

( )
( ), , ,

, ,1, , ,,...,
Tr t r t r t

q m q m q L mc c =  χ . 

3. Proposed Method 

In the proposed method, the iterative algorithm for joint Kalman filter and data detection 
scheme is given to estimate the time-varying channel. Specifically, the Kalman filter is from 
the canonical state space model, which does not include the parameters of the AR model, and 
the detection error is considered as part of the noise in the Kalman filter to improve the 
estimation accuracy. In the following, the method is derived in detail. 

3.1 Kalman Filter from Canonical State Space Model 
Since the available schemes need to estimate the parameters of the AR model, it will take a 

large computation complexity. Moreover, the accuracy of the estimated parameters of the AR 
model will affect the convergence speed of the iterative scheme. Therefore, the proposed 
method employs a canonical state space model without the parameters of the AR model in 
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[12], which includes two parts, i.e., (a) the state equation consisting of the BEM coefficients 
and (b) the observation equation consisting of the pilot/ detected signal and the noise. 

Define the state space model for the MIMO-OFDM system as 1,...,
TT T

m m m ρ− + =  g c c , where 
ρ is the size of the state vector. And then the state equation will be given as 

1 1 2m m m−= +g S g S u                                                                       (14) 
where 1S  is the t r t rN N QL N N QLρ ρ× state transition matrix, and it is given as 

1

0 0 0 0

0 0 0 0
1 0 0 0
0 1 0 0 0

0 0 1 0 0

 
 
 
 
 =  
 
 
 
  

S

  

      

  

  

 

      

 

{
{

{
t rN N QL

t rN N QLρ {

t rN N QLρ

t rN N QL
                                (15) 

In (14), ( )2 1,
t r t r t r

T

N N QL N N QL N N QLρ− ×
 =  S I 0 , and its dimension is t r t rN N QL N N QLρ × . mu  is the 

1t rN N QL×  vector, and m m=u c . 
The observation equation can be expressed from (10) as 

m m m m= +y S g w                                                                     (16) 

where ( )1,
r t rm m N N N N QLρ× −

 =  S Γ 0 . 
Using the Kalman filter for the state space model in (14) and (16), one can obtain as 
 

  :Time update equations  

11 1 1

1 1 2 21 1 1

ˆ ˆ

m

m m m m

H H
m m m m

− − −

− − −

=

= + u

g S g

p S p S S C S
                                                           (17) 

  :Measurement update equations  

( )
( )

1
2

1 1

1 1

1 1

2

ˆ ˆ ˆ

ˆ ˆ

H H
m m m mm m m m

m m mm m m m m m

m mm m m m m m

H
m m m

−

− −

− −

− −

+

= + −

= −

=

=

y

K p S S p S δ

g g K S g

p p K S p

c S g

                                               (18) 

 
where 1ˆ m m−g  and ˆ m mg

 
are the priori and posteriori state estimate respectively. 1m m−p  and m mp  

are the priori and posteriori error estimate covariance matrix of size 
t r t rN N QL N N QLρ ρ× respectively. In addition,  0 0ˆ

rpLQN=g 0  and 0 0 t r t rN N QL N N QLρ ρ×=p I are 
initiated. In (17), 

muC is the covariance matrix of mu , and 
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( ) ( ){ }0 1

0 0,...,
m t r LN N blckdiag

−
= ⊗u c cC I R R                                               (19) 

where 
( ) ( ) ( ){ } ( ) ( ) ( )1 10 , , 0

, ,l l

r t r t H H H H
l m l mE

− −
= =c αR c c B B B R B B B                                (20) 

In (18), 2 2
rw NNσ=δ I , and mK  is the Kalman gain. 

3.2 Iterative algorithm for Joint Kalman Filter and Data Detection 
To improve the accuracy of the channel estimation, the detected data along with pilots is 

employed. In one OFDM symbol, assume that pN  pilots subcarriers are evenly inserted into 
the N subcarriers. The algorithm proceeds as follows: 

Initialization: 
 0 0ˆ

t rpN N LQ=g 0 , 0 0 t r t rN N QL N N QLρ ×=p I  
 1m m← +  
 Execute the time update equations of Kalman filter in (17) 
 Compute the channel matrix using (13) 
 1i ←  

Recursion: 
 Detection of the data symbol by using zero-forcing (ZF) equalizer 
 Construct ˆ

mS  by the detected data and pilots 
 Execute the measurement update equations of Kalman filter in (18) 
 Compute the channel matrix using (13) 
 1i i← +  

3.3 Iterative Algorithm considering Data Detection Error 
In the iterative schemes, the error propagation caused by the data detection cannot be 

ignored and it will result in an error floor. To reduce the effect of the detection error on the 
channel estimation, the detection error will be considered as a part of the noise in the Kalman 
filter of the proposed method. Therefore, the covariance of the detection error needs to be 
given. 

By [18], we divide the received signal in (16) into three parts, i.e., detected data, detection 
error and white noise, which is shown as 

( )ˆ ˆ

ˆ
m m m m m m m

m m m

= + − +

= +

y S g S S g w

S g ψ
                                                (21) 

where ˆ
mS is obtained by the pilots and detected data. ( )ˆ

m m m m m= − +ψ S S g w is the equivalent 
noise with zero mean. According to the derivation in Appendix, the covariance matrix of mψ is 
given by 

( ) ( )
1 2

1 2
1 2

1
02

2 ,1 , 1 0

1 t

m r r l

N Q L
t H

w NN N q m q q qt q q lN
σ

−

= = =

 = + ⊗  ∑ ∑ ∑ψ cδ I I M v M R                           (22) 

where 
( ) ( )( ) ( )( ){ }2 2

,0 , 1,...,t t t
m m m Ndiag v v −

 =   
v                                                  (23) 
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where ( )( )2

,
t

m nv is the variance of the detection error of the signal.  
    Using the state equation (14) and the observation model in (16), one can employ the Kalman 
filter to obtain the BEM coefficients, and 2

m
= ψδ δ in (18). 

In (22), the variances ( )( )2

, , 0,..., 1t
m nv n N= − are needed for the calculation of the matrix 

mψ
δ . 

Since ( )( )2

,
t

m nv =0 for the pilot, one only need to calculate the ( )( )2

,
t

m nv for the data symbol. To 

simplify the implementation of the Kalman filter, the expected value of ( )( )2

,0
t

mv is used to obtain 
the variance of the detection error of the data symbol by [18]. Then, one has 

( )( ){ } ( ){ } ( ){ }2 2 2 2 2
ˆ,0 , ,ˆt t t

m m n m n x xE v E x E x σ σ= − = −                                (24) 

where 2 1xσ = since ( )
,

t
m nx  is the power-normalized symbol as we considered in section II, and 

( )
,ˆ t

m nx  is the detected signal. Assuming that ( )
,ˆ t

m nx  is ergodic, one has 

( )
11 22

ˆ ,
1 0 0

1 ˆ
t dN NM

t
x m n

t m nd t

x
N MN

σ
−−

= = =

≈ ∑∑ ∑                                                                (25) 

where M  is the number of OFDM symbols in one subframe, and Nd is the number of the data 
subcarriers during one OFDM duration. Then, the simplified estimator will consist in using an 
approximate covariance matrix of the equivalent noise ( )mψ in (21) 

( )
( ) { }

1 2
1 2

1 2

2 2
ˆ

1
0

2 ,, 1 0

1

1
m r r

l

w NN t x N

Q L
H

q P qq qq q l

N

diag
N

σ σ
−

= =

= + −

 ⊗  ∑ ∑

ψ

c

δ I I

R M 1 M
                                        (26) 

where P1  is an 1N ×  vector composed of 0 at the pilot index, and 1 elsewhere.  
Note that the type of the modulation affects the performance of the simplified covariance 

[18]. For the constant modulation (such as QPSK), ( )
, =1t

m nx , so the first term of (24) ( )( ){ }2

,0
t

mE v  is 

equal to one, and the difference between the exact expression in (22) and approximate one in 
(26) is only the 2

x̂σ . However, in the case of the non-constant modulation, the approximate 
covariance in (26) has more performance degradation due to the approximation of 2

xσ  and 2
x̂σ . 

3.4 Computation Complexity Analysis 
In the section, the complexity of the proposed method and those of the conventional 

methods in [12][15][18] are compared. For the these algorithms, the main difference of the 
complexity focuses on the calculations of the matrices S1, muC , and δ2. In [12], since the 
matrix S1 is a constant matrix which only contains 0 and 1 and the data detection error is not 
considered, the computation complexity is focused on the calculation of the matrix 

muC , 
which is about 2Nr

2Nt
2Np

  floating-points (FLOPS). For the scheme in [15], since the data 
detection error is also not considered, the computation complexities caused by S1 and 

muC  are 
respectively about L[8NQ2+2N2Q+3Q3+5ο(Q3)] FLOPS and L[Q+2Q3+ο(Q3)] FLOPS, 
where ο(Q3) is the computation complexity of the matrix inversion for the Q Q× matrix. In [18], 
the computation complexities of S1 and

muC  are L[8NQ2+3N2Q+4Q3+7ο(Q3)] FLOPS, and 
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L[4NQ2+N2Q+Q3+2ο(Q3)] FLOPS respectively, and the complexity of δ2 is about 
2N[Q2LN(8N-1)+3] FLOPS for the first iteration and the others is 6N FLOPS. In the proposed 
method, S1 is a constant matrix and composed of only 0 and 1 and it can be pre-computed and 
stored, the computation complexity of 

muC is about L[4NQ2+N2Q+Q3+2ο(Q3)] FLOPS. Since 
the detection error is considered in the proposed method, the complexity of its covariance 
matrix in δ2 is about 2N[Q2LN(8N-1)+3]  FLOPS for the first iteration and the others is 6N 
FLOPS.  

According to the above analysis, the comparison of the total computation complexity in one 
iteration for the different channel estimation methods is given in Table 1. From Table 1, one 
can see that the scheme in [12] has a lowest complexity due to its processing in frequency 
domain and it without considering the detection error. The computation complexity of the 
proposed method is lower than that of the scheme in [15] when the detection error is not 
considered, and the complexity will increase when the detection error is considered in the 
proposed method, but its performance will be greatly improved (which can be seen from the 
simulation results in section IV). Moreover, the increased complexity of the proposed method 
can be acceptably in the signal processing. Compared with the method in [18], the proposed 
method has a lower complexity since it does not need to estimate the parameters of the AR 
model and the covariance of the modeling error. 

Table 1. The comparison of the computation complexity 
Channel estimation 

method Total computation complexity in one iteration 

Ref.[12] 2Nr
2Nt

2Np 

Ref.[15] L[8NQ2+2N2Q+Q+5Q3+6ο(Q3)] 

Ref.[18] First iteration: L[12NQ2+3N2Q+4Q3+7ο(Q3)]+2N[Q2LN(8N-1)+3] 

The other iterations: L[12NQ2+3N2Q+4Q3+7ο(Q3)]+6N 

Proposed method First iteration: L[4NQ2+N2Q+Q3+2ο(Q3)]+2N[Q2LN(8N-1)+3] 

The other iterations: L[4NQ2+N2Q+Q3+2ο(Q3)]+6N 

4. Simulation Results 
To evaluate the performance of the proposed method, a MIMO-OFDM system with one 

transmit antenna and two receiver antennas is considered. The parameters of the system are as 
follows: the FFT size is 128, the CP length is chosen to be one-eighth of the FFT size, and the 
number of the pilots is 32 and the distance between two adjacent pilots is 4. The carrier 
frequency is 10GHz. The modulation scheme on the data subcarriers is QPSK. The vehicle 
speed is 300km/h, and the corresponding fdT=0.2. ρ=2, where  ρ is the size of the state vector. 
In the simulation, we assume Rayleigh uncorrelated fading condition from different 
transmitters to different receivers, which is considered to be a 6-tap channel with an 
exponentially decaying power delay profile specified by exp(-l), where l is the tap index. The 
ZF equalizer is used in the simulation. In comparison with the proposed method, the 
algorithms in [12], [15] and [18] are also simulated. 

To describe the convergence speed of the proposed algorithm, the convergence condition is 
that the hard decision after the current iteration is the same as that after the previous iteration in 
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the simulation. Fig. 1 shows the average iterative numbers curve vs. SNRs. In Fig. 1, 
‘proposed accurate’ is the proposed method with the accurate covariance of the detection error 
obtained by Eq. (22), and ‘proposed approx’ is the proposed method with the approximate 
covariance of the detection error obtained by Eq. (26). From Fig. 1, one can see that the 
iterative number decreases as the SNR increases, and the iterative number of the proposed 
approx is greater than that of the proposed accurate due to the error covariance approximation. 
Moreover, the maximum iterative number is less than 5 when the SNR is 0dB for both the 
proposed accurate and proposed approx, which indicates that the convergence speed of the 
proposed algorithm is relatively fast. 
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Fig. 1. Iterative numbers curve vs. SNRs for the proposed method with QPSK, fdT=0.2 and Np =32. 

 
To further analyze the convergence of the proposed method, Fig. 2 gives the mean square 

error (MSE) vs. iterative numbers in the different SNRs for the proposed method. In Fig. 2, we 
give the performance of the proposed method using different iterations, e.g., proposed 
approx-1 uses one iteration, and proposed approx-2 uses two iterations. ‘All Data-aided’ is the 
BEM-based Kalman filter estimation under the assumption that all the data is known at 
receiver. It can be seen that the MSE performance of the proposed method improves as the 
iterations increase, and the performance loss in the proposed approx is more obvious for the 
lower iterations and gradually decreases as the iterations increase. The MSE performance of 
the proposed approx using five iterations (proposed approx-5) is essentially coincident with 
that of the all data aided, and the proposed accurate using three iterations (proposed accurate-3) 
is essentially coincident with the all data aided. Moreover, when the iterations are greater than 
5 and 3, the MSE performance of the proposed accurate and proposed approx are no longer 
significantly improved respectively, which can be seen proposed accurate-5 and proposed 
approx-7 in the figure. 
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Fig. 2. MSE vs. iterative numbers in the different SNRs for the proposed method with QPSK, fdT=0.2 

and Np =32. 
 

To show the performance degradation of the proposed method with the approximate 
covariance matrix, we give the MSE performance of the proposed method with the accurate 
and approximate covariance of the detection error in Fig. 3. From Fig. 3, one can see that the 
propose accurate uses three iterations to approach to the performance of the all data aided, 
while the proposed approx needs five iterations due to the approximate value. Since the 
approximate value is relatively small, the difference of the iterative numbers between the 
proposed accurate and proposed approx is not large, which also can be seen from Fig. 1. 

Fig. 4 and Fig. 5 show the MSE and bit error rate (BER) performance for the different 
channel estimation methods respectively. It can be seen from the figures that the performance 
of the proposed method is better than those of the schemes in [12], [15] and [18] even when the 
iterative number is the same or not. The performance of the method in [12] is worst due to 
without considering the ICI caused by the time-varying channel and iteration processing. 
Since the data detection error is not considered for the iteration algorithm in [15], it needs 
more iterations and has a bad performance compared with the proposed method. In [18], the 
scheme needs to estimate the parameters of the AR model and the covariance of the modeling 
error, so it also need to more iterations to converge due to the effect of the estimation accuracy 
of these parameters. Moreover, the performance of the proposed method will be essentially 
coincident with that of the all data aided only by fewer iterations, such as three iterations for 
the proposed accurate and five iterations for the proposed approx. 

Fig. 6 gives the MSE performance of the different channel estimation methods for fdT=0.4 
and Np=32. It is shown that in comparison to Fig. 4, the MSE performance of the whole 
methods are deteriorated due to the Doppler shift increasing. In the case of the same iterations, 
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the performance of the proposed method is still better than those of the available schemes in 
[12], [15] and [18]. 
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Fig. 3. MSE performance of the proposed method with accurate and approximate covariance of the 

detection error for QPSK,  fdT=0.2 and Np =32. 
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Fig. 4. MSE performance of the different channel estimation methods for QPSK, fdT=0.2 and Np =32. 
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Fig. 5. BER performance of the system by using the different channel estimation methods for QPSK, 

fdT=0.2 and Np =32. 
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Fig. 6. MSE performance of the different channel estimation methods for QPSK,  fdT=0.4, Np =32. 
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Fig. 7 shows the MSE performance of the different channel estimation methods for Np=16 
and fdT=0.2. Compared with Fig. 4, the MSE performance of the whole methods are also 
deteriorated due to the pilots reducing. By the same iterations, the MSE performance of the 
proposed method is still better compared with the available schemes in [12], [15] and [18]. For 
the proposed approx with five iterations, there is a performance gap to the all data aided at the 
high SNRs, which rarely exists in the case of Np=32 and fdT =0.2 in Fig. 4. Compared with the 
case of fdT =0.4 and Np=32 in Fig. 6, one can find that the effect of the pilots reducing on the 
channel estimation is more serious than that of the Doppler shift increasing for the schemes in 
[12], [15] and [18] due to they without considering the detection error or the estimation 
accuracy of some parameters depends on the number of the pilots. Due to the detection error 
and the special Kalman filter employed in the proposed method, its performance in the case of 
the pilots reducing is better than that in case of the large Doppler shift. 
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Fig. 7. MSE performance of the different channel estimation methods for QPSK, Np=16, and fdT=0.2. 
 

To show the effect of the modulation type on the approximate proposed algorithm 
(proposed approx),  the case of the non-constant modulation of 16QAM is also considered and 
it is shown in Fig. 8. Compared with the case of the constant modulation (QPSK) given in Fig. 
4, the performance of the proposed approx is deteriorated due to the lower accuracy of the 
approximation in (26) for the non-constant modulation (16QAM), and it needs more iterations 
to tend to the all data aided. However, the performance of the proposed approx is still better 
than those of the available methods in [12], [15] and [18]. 
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Fig. 8. MSE performance of the different channel estimation methods for 16QAM, fdT=0.2, and Np=32. 

5. Conclusion 
According to the high-speed mobile scenario, we proposed a practical time-varying channel 

estimation algorithm for the MIMO-OFDM system. Since the Kalman filter from the 
canonical state space model without the parameter of the AR model is employed and the data 
detection error is considered as part of the noise in the Kalman recursion, the proposed method 
is more practical compared with the available schemes. By the proposed method, the fast 
time-varying channel can be effectively estimated, and the proposed method can be used to 
estimate the channel in the high speed railway scenario. Moreover, the proposed method is not 
limited to the MIMO-OFDM system, and it can also be used in the SISO-OFDM or OFDMA 
system to improve the accuracy of the channel estimation. 

Appendix 

Define ˆ
m m m= −S S S , and then the equivalent noise ( )mψ can be rewritten as, whose 

autocorrelation matrix is 
{ }
{ }

m

H
m m

H

m m m m m m

E

E

=

   = + +   

ψδ ψ ψ

S g w S g w 

                                          (27) 

 
Since the noise has zero mean and is uncorrelated with the symbols, using (19) in (27), we 

obtain 
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{ } { }
{ }2

m

r

H H H
m m m m m m

H H
w NN m m m m

E E

Eσ

= +

= +

ψδ w w S g g S

I S g g S

 
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                                                (28) 

In (28), the second term can be denoted as 

{ }
{ }

H H
m m m m m

H
m m

E

E

=

= g

E S g g S

S R S

 

 

                                                                   (29) 

where  
( ) ( ) ( )

( ) ( ) ( )

( ) ( ) ( )

0 1 1

1 0 1

1 2 0

H

H H

ρ

ρ

ρ ρ

−

−

− −

 
 
 

=  
 
 
 

g g g

g g g
g

g g g

R R R

R R R
R

R R R





   



                                             (30) 

where 
( ) ( ) ( ){ }

( )

0 1
,...,

t r L

b

b b b
N N blckdiag

−
= ⊗

c

g c c

R

R I R R

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where 

                                    ( ) ( ) ( ){ } ( ) ( ) ( )1 1, ,
, ,l l
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l m l m bE
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−= =c αR c c B B B R B B B                         (32) 

Since ( )1,
r t rm m N N N N QLρ× −

 =  S Γ 0 , Eq.(29) can be further expressed as 
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Form (8), we can rewrite (33) as 

( )

1

t

r
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In (35), ( )
,
t

l mZ  can obtained by ( )t
mx , and ( )t

mx  is the detection error. Using (8), one can obtain 

the element of ( )t
mE  as 
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Assuming that ( )
,

t
m nx is uncorrelated with other symbols, which is justified by using a large 
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interleaver size, we obtain 
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Therefore, (36) can be simplified as 
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Using (28) and (38), we can obtain 
mψ

δ as 
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