
 

 

 
Abstract—The Doppler shift generated by high-speed movement 

and multipath effects in the channel are the main reasons for the 
generation of a time-frequency doubly-selective (DS) channel. There 
is severe inter-carrier interference (ICI) in the DS channel. Channel 
estimation for an orthogonal frequency division multiplexing (OFDM) 
system over a DS channel is very difficult. The simultaneous 
orthogonal matching pursuit (SOMP) algorithm under distributed 
compressive sensing theory (DCS-SOMP) has been used in channel 
estimation for OFDM systems over DS channels. However, the 
reconstruction accuracy of the DCS-SOMP algorithm is not high 
enough in the low Signal-to-Noise Ratio (SNR) stage. To solve this 
problem, in this paper, we propose an improved DCS-SOMP algorithm 
based on the inner product difference comparison operation (DCS-
DCSOMP). The reconstruction accuracy is improved by increasing the 
number of candidate indexes and designing the comparison conditions 
of inner product difference. We combine the DCS-DCSOMP 
algorithm with the basis expansion model (BEM) to reduce the 
complexity of channel estimation. Simulation results show the 
effectiveness of the proposed algorithm and its advantages over other 
algorithms. 
 

Keywords—OFDM, doubly selective, channel estimation, 
compressed sensing. 

I. INTRODUCTION 

FDM technology is used in many communication systems 
because of its strong anti-interference capability, high 

frequency utilization and flexible resource allocation [1]. In fast 
time-varying scenarios, OFDM systems suffer from both 
frequency-selective (FS) fading due to multipath effects and 
time-selective fading due to Doppler shift. This results in a 
time-frequency DS channel [2]. The DS channel exhibits sparse 
characteristics, and the impulse response of each propagation 
path changes rapidly with time, which destroys the 
orthogonality among subcarriers and generates severe ICI [3]-
[5]. To achieve effective equalization of the ICI of the DS 
channel, the channel estimation requires a large number of pilot 
frequency subcarriers. The spectrum utilization is thus reduced. 
CS theory has been shown to solve this problem [6]. It is able 
to sample and reconstruct the signal at a frequency much lower 
than the Nyquist sampling rate and obtain good channel 
estimation performance using only a small number of pilot 
subcarriers. 

The estimation accuracy of the channel response depends on 
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the reconfiguration performance of the CS algorithm. Among 
various CS reconstruction algorithms, the greedy algorithm is 
widely used in channel estimation due to its simple structure 
and good reconstruction performance [7]-[10]. In [7], the 
location and magnitude of the non-zero components of the 
channel impulse response are estimated by the orthogonal 
matching pursuit (OMP) algorithm, and all the selected atoms 
are orthogonalized at each step of the reconstruction process. In 
[8], an improved OMP algorithm is proposed to solve the 
OFDM system channel estimation problem by introducing 
intersect operation onto two different partial sparse delay path 
supports. In [9], channel estimation for a hydroacoustic 
communication system is accomplished by the multipath 
matching pursuit (MMP) algorithm, which searches for 
multiple candidate desired paths that are most relevant to the 
residual vector in each iteration and selects the best candidate 
path. In [10], the SOMP algorithm in the distributed 
compressive sensing (DCS) framework is used to achieve 
accurate estimation of multipath channels. The DCS-SOMP 
algorithm uses a multidimensional measurement matrix to 
jointly reconstruct the sparse signal, resulting in an effective 
improvement in channel estimation accuracy. At low SNR, 
severe noise and complex interference in the DS channel can 
cause a large impact on the received signal, resulting in a large 
deviation of the index set selected by the algorithm from the set 
of non-zero element positions of the channel vector. The DCS-
SOMP algorithm selects indexes by inner product sum, which 
improves the probability of correct index selection and 
estimation accuracy at low SNR. However, its index selection 
is based on a single judgment condition. This can easily lead to 
misclassification situations. If more valid judgment conditions 
are added, then the channel estimation accuracy in the low SNR 
stage will be improved even more.  

In this paper, we propose a DCS-based inner product 
difference comparison SOMP algorithm (DCS-DCSOMP), 
which improves the index selection scheme of the DCS-SOMP 
algorithm. The inner product difference is defined as the 
evaluation index of index selection reliability. The number of 
candidate indexes and the probability of correct index selection 
are increased. Firstly, the measurement matrices are projected 
into two-dimensional space. We arrange the inner products of 
each column vector and the residual vector in descending order 
for every two-dimensional matrix. Then, we calculate the 
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difference between the first two, and set the first corresponding 
column index as the candidate index. Finally, the inner product 
differences corresponding to each candidate index are sorted in 
descending order. We compare the difference between the first 
two with a threshold value. If the result is greater than the 
threshold, the candidate index with the largest inner product 
difference is added to the index set. On the contrary, it means 
that the inner product difference cannot be used as the judgment 
condition for selecting indexes. We execute the DCS-SOMP 
algorithm and add its selected index to the index set.  

The remainder of this paper is organized as follows: Section 
II describes the system model of the OFDM system. Section III 
presents the estimation target and methods. Section IV provides 
the simulation results. Finally, conclusions are drawn in Section 
V.  

Notations: Vectors and matrices are denoted by bold 
lowercase and uppercase letters. 𝑑𝑖𝑎𝑔 ⋅  denotes the diagonal 
matrix. ⋅ and ⋅ denote transpose and conjugate transpose 
respectively. ‖∙‖ denotes the  𝑝 norm of a matrix or vector. 
𝐈  denotes an  𝐿 𝐿 identity matrix.  𝐀  denotes an 𝐿 𝐿 

matrix. 𝟎  denotes an 𝑀 𝑁 zero matrix. ,l kc denotes the 

element at index position 𝑙, 𝑘 . 𝐀 ,  denotes the element at 
position 𝑖, 𝑗  in matrix 𝐀.  𝐜  denotes the  𝑖 -th element of the 
vector 𝐜. 𝐀 denotes the 𝑖-th row of the matrix 𝐀. 𝐀 :,  denotes 
the 𝑗 -th column of the matrix  𝐀 . ℂ  represents the set 
of 𝑀 𝑁 matrices in complex field. 

II. CHANNEL MODEL 

In a pilot-assisted OFDM system, the number of subcarriers 
is set to 𝑁. An OFDM symbol is expressed as: 

 
𝐗 𝑋 0 , ⋯ , 𝑋 𝑁 1         (1) 

 
We perform an 𝑁-order IFFT operation on the signal before 

it is sent to obtain a time-domain signal. Then a cyclic prefix of 
length 𝐿  is added to the signal to reduce ICI. The transmitted 
signal of length 𝐿 𝑁 can be expressed as: 

 

𝐱 𝐓 𝐅𝑵
𝑯𝐗             (2) 

 
where 𝐓  is the cyclic matrix with cyclic prefix (CP) added 
and 𝐅  is the normalized IFFT matrix of order 𝑁. The elements 
of 𝐅  are specifically expressed as: 
 

𝐅 , √
𝑒          (3) 

 
With a sampling period 𝑇 , the impulse response of the 𝑙-th 

path at time 𝑚 under the DS channel can be written as: 
 

ℎ 𝑚, 𝑙 ∑ 𝜂 𝑒 𝑠𝑖𝑛𝑐 𝑙      (4) 

 
in which 𝜂 , 𝜏  and 𝑣  denote the complex attenuation factor, 
time delay, and Doppler frequency associated with the 𝑖-th path 
respectively. The transmit signal is transmitted serially in the 
DS channel. The time domain signal at the receiver  𝑦 ∈

𝐶  can be expressed as: 
 

𝑦 𝑚 ∑ ℎ 𝑚, 𝑙 𝑥 𝑚 𝑙 𝑤 𝑚      (5) 
 
where 𝑤 𝑚  denotes the noise component. After CP removal 
and FFT operation, the received signal can be expressed as: 
 

𝐘 𝐇 𝐗 𝐖        (6) 
 

in which  𝐖 denotes an additive noise matrix. 𝐇 𝐅 𝐇 𝐅 . 
𝐇  represents the process of adding CP and removing CP to the 
original signal. In a FS channel, 𝐇  is a circular matrix and 
 𝐇  is a diagonal matrix. But in a DS channel,  𝐇  is no longer 
a diagonal matrix due to ICI. 

III. CHANNEL ESTIMATION 

A. BEM in Channel Estimation 

The BEM can represent the DS channel within a certain 
period of time through the linear combination of multiple basis 
functions, which can effectively reduce the estimation 
complexity [11]. Each 𝐡  can be written as: 

 

𝐡 𝐛  𝐛  ⋯ 𝐛

𝑐 0, 𝑙
𝑐 1, 𝑙

⋮
𝑐 𝑄 1, 𝑙

𝛏      (7) 

 
where  𝑄 is the BEM order, 𝛏 𝜉 0, 𝑙 , ⋯ , 𝜉 𝑁
1, 𝑙  denotes the BEM modeling error, 𝐛
𝑏 0, 𝑞 , ⋯ , 𝑏 𝑁 1, 𝑞  denotes the 𝑞 -th 𝑞 ∈ 0, 𝑄 1  

BEM basis function, 𝑐 𝑞, 𝑙  denotes the corresponding 
coefficient of 𝐛 . It can be known from (7) that the introduction 
of BEM reduces the number of coefficients to be obtained 
from  𝑁𝐿 to  𝑄𝐿 . We further define 𝐡 ℎ 𝑛
𝐿 , 0 , ⋯ , ℎ 𝑛 𝐿 , 𝐿 1 ∈ ℂ , 𝑞 -th BEM coefficient 
vector as 𝐜 𝑐 𝑞, 0 , ⋯ 𝑐 𝑞, 𝐿 1 ∈ ℂ , and error vector 
as 𝛏 ℎ 𝑛, 0 , ⋯ , ℎ 𝑛, 𝐿 1 ∈ ℂ . Then, (7) can be 
written as: 

 
𝐡 𝐁 ⊗ 𝐈 𝐜 𝛏          (8) 

 
in which 𝐡 𝐡 , ⋯ , 𝐡 ∈ ℂ ,  𝐜
𝐜 , ⋯ , 𝐜 ∈ ℂ , and𝛏 𝛏 , ⋯ , 𝛏 . In the 

next discussion, we temporarily ignore  𝛏 . Now (6) can be 
expressed in BEM as: 

 

𝐘 ∑ 𝐁 𝐂 𝐗 𝐖          (9) 
 

where  𝐇  ∑ 𝐁 𝐂 , 𝐁 𝐅 𝑑𝑖𝑎𝑔 𝐛 𝐅 , and 𝐂

𝑑𝑖𝑎𝑔 √𝑁𝐅 𝐜 , 0 . Our estimation target is 

converted from 𝐇  to 𝐜 . 

It can be seen from [11] that the pilot signal at the receiver 
can be specifically expressed as: 
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⎩
⎪⎪
⎨

⎪⎪
⎧ 𝐘 𝑑𝑖𝑎𝑔 𝐏 𝐅 𝚲 𝐜 𝐖

𝐘 𝑑𝑖𝑎𝑔 𝐏 𝐅 𝚲 𝐜 𝐖

𝐘 𝑑𝑖𝑎𝑔 𝐏 𝐅 𝚲 𝐜 𝐖

 (10) 

 
where  𝐏  is the effective pilot sequence. 𝐅 ∈ ℂ  is 

the sub-matrix taken according to the row index set 𝑃  in the 

FFT matrix, 𝑃 𝑃 ,  𝐖 ∈ ℂ  includes noise and 

model error, 𝑑𝑖𝑎𝑔 𝐏 𝐅  is the measurement matrix 

common to all equations. We set 𝑑𝑖𝑎𝑔 𝐏 𝐅  to 𝚽. Then 

(10) can be written as: 
 

𝐘 𝚽 𝚲 𝐜 𝐖 , ∀𝑞 ∈ 0,1, ⋯ , 𝑄 1     (11) 
 

Equation (11) is of the same form as the expression of CS 
theory; we can get 𝐜  by estimating 𝚲 𝐜 . 

B. DCS Reconstruction Algorithm 

As shown in (10), the estimation of 𝐜   is actually a CS 

reconstruction problem. The BEM-based channel model 
exhibits joint sparsity in the time domain [12]. The channel 
estimation method based on DCS makes full use of the joint 
sparsity among multiple related signals to achieve better 
channel estimation effect. Scholars have applied the DCS-
SOMP algorithm to OFDM system channel estimation [11]. 
The main idea of the DCS-SOMP algorithm is to use the inner 
product sum to evaluate the correlation between the columns of 
the measurement matrix and the residuals. We first project the 
measurement matrix to a two-dimensional space. In each two-
dimensional matrix, we calculate the inner product of the 
column vector and the residual vector and add them according 
to the column index. The proportional relationship between the 
inner product and the correlation is used to find the column 
index with the strongest correlation with the residual, that is, the 
position of the non-zero element of the sparse vector. Then we 
sort the inner product sum in descending order. We add the 
column index corresponding to the first bit to the index set and 
repeat the operation until the number of elements in the index 
set is equal to the sparsity. Finally, the column vectors 
corresponding to the index set are taken out to form a new 
matrix, and the signal is reconstructed by QR decomposition. 
Obviously, finding as many correct non-zero element positions 
as possible is the key to improving the reconstruction effect.  

However, the index selection method of the DCS-SOMP 
algorithm is not perfect. Due to the influence of noise, the 
probability of the non-zero element position being correctly 
selected is not high at low SNR. Therefore, we choose to make 
improvements in the index selection phase. We add reliable 
judgment conditions to improve the effectiveness of the index 
selection scheme at low SNR. 

Our improvement idea is to design an index selection scheme 
based on the DCS-SOMP algorithm. Instead of taking the inner 
product sum as the only judgment condition, the results of 
independent reconstruction of each two-dimensional matrix and 
the influence of noise are used as the design basis. The purpose 
is to achieve a steady improvement in the reconstruction effect. 

In the DCS-SOMP algorithm, the dimension of the 
measurement matrix A is equal to the BEM order. Index 
selection can be expressed as: 

 

argmax
∈ ,

∑
〈𝐫 ,𝚽 , 〉

𝚽 ,
          (12) 

 
where 𝜔 is the column index of 𝚽, 𝑞 is the dimension index, 
and  𝐫 is the residual. In each two-dimensional projective 
measurement matrix, we compute the inner product of each 
column and the residual. The index of the column with the 
largest inner product is set to 𝑎 . We found that the non-zero 
element position of the signal has a high probability of being an 
element in  𝑎 , 𝑎 , ⋯ , 𝑎 , which can be used as a new 
judgment basis for index selection.  

In the low SNR stage, the noise has too much influence on 
the received signal. It is unreliable to use the inner product to 
evaluate the correlation between two column indexes whose 
inner product difference is small. On the contrary, the inner 
product difference can be used as an evaluation indicator for the 
reliability of the scheme. We can use the size of the inner 
product difference to select the element in x that is most likely 
to be a non-zero element position. The process is as follows: 
Step1. In each dimension, sort the inner products of each 

column and the residual from large to small and 
calculate the difference between the first two digits to 
obtain  inner product differences. If the difference 
between the inner product differences is small, it is 
unreliable to use the column index corresponding to the 
largest inner product difference as the non-zero element 
position. 

Step2. Sort the inner product differences from large to small. 
Calculate the difference between the first two digits and 
compare the result ∆𝐝 with the preset threshold 𝜁, which 
is usually set at 0.1~0.2. If ∆𝐝 𝜁, the inner product 
difference can be used as the judgment basis for index 
selection. 

Step3. Take the column index corresponding to the largest 
inner product difference as the final selection result. 
If ∆𝐝 𝜁, the inner product difference can not be used 
as the judgment basis for index selection. 

Step4. Execute the index selection scheme of the DCS-SOMP 
algorithm, and use the selected column index 𝑎  as the 
final selection result. 

According to the above analysis, we propose a BEM 
coefficient estimation scheme based on the DCS-DCSOMP 
algorithm, which is given in Algorithm 1. 

IV. SIMULATION RESULTS AND DISCUSSION 

In this section, we simulate the proposed channel estimation 
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scheme to verify the effectiveness of the proposed algorithm. 
The used parameters can be summarized as follows. 

 
Algorithm 1 The DCS-DCSOMP based BEM Coefficients 
Estimation 

Input： 𝐘 𝐘 , ⋯ , 𝐘 , 𝚽, 𝜁 and the sparsity 𝐾 

Output： �̂�   

Procedures: 
1) Initialization set the index set 𝛀 ∅ and the residual 𝐫 𝐘  
2) Index selection and residual estimation 

for 𝑡 1: 𝐾 
a) Execute Step1、Step2、Step3 and Step4 to obtain 

the inner product difference 𝐝 , ⋯ , 𝐝 、∆𝐝 and 𝑎 . 

b) If  ∆𝐝 𝜁 , get the index  𝑚 corresponding to the 
largest item in 𝐝 , ⋯ , 𝐝 . 

 𝑎 ∈ 𝑎 , 𝑎 , ⋯ , 𝑎 , 𝛀 𝛀 ∪ 𝑎 . end if 

c) If ∆𝐝 𝜁, 𝛀 𝛀 ∪ 𝑎 . end if 
d) Set the new element in 𝛀  after b) and c) is 𝑎 ,𝚽

𝚽 , 𝜆 , 𝜆  is the 𝑎 -th column of 𝚽. 

e) Calculate the new residual  
𝐫 𝐘 𝚽 𝚽 𝚽 𝚽 𝐘  

f) 𝑡 𝑡 1 
end for 

3) Calculate 𝚲 �̂�   by QR decomposition 

4) Calculate �̂�   from 𝚲 �̂�  by inverse operation 

 
The number of subcarriers is  𝑁  512. The CP is 𝐿  64. 

The subcarrier spacing is Δ𝑓  15 kHz. The number of channel 
taps is 𝐿  20, in which the number of non-zero taps is 𝐾 = 6. 
The data mapping method is 16 QAM.The BEM order is 𝑄 = 3. 
The simulation is carried out in a high-speed scene with a speed 
of 300 km/h. 

The input parameters of Algorithm 1 are as follows.  𝜁 = 
0.12, 𝐾 = 6. In Fig. 1, we describe the NMSE performance 
comparison of each reconstruction algorithm. The advantages 
of the DCS algorithm are obvious, and the DCS-DCSOMP 
algorithm is 0.6dB lower than the DCS-SOMP algorithm. In 
Fig. 2, we describe the BER performance comparison of each 
reconstruction algorithm. The DCS-DCSOMP algorithm is 
0.001 lower than DCS-SOMP. However, due to the influence 
of the channel, there is still a certain gap between the result and 
the optimal BER. 

V. CONCLUSION 

This paper proposed an improved DCS-SOMP algorithm that 
introduces the difference comparison operation in the index 
selection stage to improve the reconstruction accuracy at low 
SNR. We used BEM to transform the channel model and 
completed the channel estimation for an OFDM system over DS 
channels by the accurate estimation of BEM coefficient vector. 
Simulation results demonstrated that compared with the DCS-
SOMP algorithm, the proposed algorithm could obtain better 
NMSE and BER performance. In the follow-up work, we will 
study the application of the proposed algorithm in other 
wireless systems.  

 

 

Fig. 1 Comparison of the NMSE performance 
 

 

Fig. 2 Comparison of the BER performance 
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