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ABSTRACT 
In this paper, the problem of channel estimation for superposition coded modulation-orthogonal frequency division 
multiplexing (SCM-OFDM) systems over frequency selective channels is investigated. Assuming that the path delays 
are known, a new channel estimator based on modified Kalman filter algorithms is introduced for the estimation of the 
multipath Rayleigh channel complex gains (CG). In the simulation, the mean square error (MSE) and bit-error-rate 
(BER) performances are given to verify the effectiveness of the Kalman estimation algorithms for SCM-OFDM sys-
tems. 
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1. Introduction 
As a kind of non-orthogonal multiple access scheme, 
interleave division multiple access (IDMA) was devel-
oped by Ping et al. [1,2], in which random interleavers 
were employed as the only means of user separation. In 
general, IDMA outperforms conventional code division 
multiple access (CDMA) in terms of power and band-
width efficiency. The key innovation of IDMA is the 
introduction of low-rate channel coding, chip-level inter-
leaving and low-complexity multiuser detection. 

Motivated by the concept of IDMA, superposition 
coded modulation (SCM) partitions the data to multi layer, 
where each layer is treated by a user equivalently. The 
low-rate encoder for all layers is typically identical, and 
the interleaver of every layer is distinct, which is used to 
combat the inter-layer interference. SCM has several ad-
vantages over conventional coded modulation schemes 
such as trellis-coded modulation (TCM) and bit-inter- 
leaved coded-modulation with iterative decoding (BICM- 
ID). First, the transmitted signal of SCM can be approx-
imated as a Gaussian variable according to the central 

limit theorem. Second, for adaptive modulation, the rate 
adaptation can be simply realized in SCM by adjusting 
the number of layers. Furthermore, a low-cost chip-by- 
chip iterative detection algorithm can be adopted in SCM, 
where the complexity is independent of the number of 
layers [3,4]. Furthermore, SCM can be combined with 
orthogonal frequency division multiplexing (OFDM) to 
combat the frequency selective fading and improve the 
throughput [5]. 

For signal detection in the receiver, reliable channel 
information is needed. There have only been few litera-
tures regarding channel estimation for IDMA and SCM 
systems. For example, least square (LS) and minimum 
mean square error (MMSE) algorithms are employed to 
estimate channel response of IDMA systems [6,7]. How-
ever, these estimation algorithms perform per-user chan-
nel estimation using pilot symbols in the frequency do-
main, which lead to poor estimation performance. 

To alleviate this problem, channel estimation for SCM- 
OFDM systems is investigated in this paper. The estima-
tion of physical channel parameters includes estimating 
multipath delays and multipath complex gains (CGs). It 
is well known that the path delays are quasi-invariant 
over several OFDM blocks whereas the CGs may change 
significantly even within one OFDM block. Therefore, the 
delays are assumed to be perfectly estimated and only the 
problem of CGs estimation is considered in this paper. 
Due to the excellent estimation performance of Kalman  
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filter [8], a new channel estimator based on modified 
Kalman filter algorithms is obtained to estimate the mul-
tipath Rayleigh channel CGs. In the final, simulation re-
sults verify that the Kalman estimation algorithms can 
greatly improve the mean square error (MSE) performance 
compared to the LS and MMSE algorithms, and can 
achieve almost the same bit-error-rate (BER) performance 
as the ideal channel estimation. 

The rest of this paper is organized as follows. Section 
II introduces the system model of SCM-OFDM systems 
adopted in this paper. In Section III, channel model and 
Kalman channel estimation algorithms are presented for 
SCM-OFDM systems. Simulation results are provided in 
Section IV to demonstrate the effectiveness of the esti-
mation algorithms. The conclusions are drawn in Section 
V. 

2. System Model 
2.1. Transmitter of a SCM-OFDM System 
The superposition coded modulation scheme with K lay-
ers is shown in Figure 1. A binary data sequence d is 
first serial-to-parallel converted into K subsequences. Then 
the data of each layer is encoded, interleaved and mod-
ulated independently. Finally, all the data of K layers are 
linearly superimposed to transmission. For layer-k, the 
data sequence dk is first encoded by a low-rate encoder, 
resulting in a coded sequence ck of length N. Then the 
coded sequence ck is interleaved by a distinct chip-level 
interleaver πk to produce a permutated sequence kc . 
After interleaving, the randomly sequence kc  is mod-
ulated to Xk by binary phase shift keying (BPSK). The 
output signal is a linear superposition of K independently 
coded symbols 
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X m NX mm
=
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Then the superposition signal is fed into an inverse fast 
Fourier transform (IFFT) modulator. After IFFT and cyc-
lic prefix (CP) insertion, the time domain transmitted 
signal can be represented as 
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where N is the total number of subcarriers and Ng is the 
length of CP. 

2.2. Receiver of a SCM-OFDM System 
Since each layer of SCM systems can be treated as one 
user of multi-user systems, the suboptimal iterative de-
tection [2] can be applied in SCM systems. The receiver 
of SCM-OFDM is composed by a multi-layer detector 
(MLD) and K decoders (DECs), which are applied to 
solve inter-layer interference and the coding constraint 
separately. The receiver performs the iterative processes 
to update the extrinsic information between ESE and 
DECs. After the last iteration, the DECs produce hard 
decisions towards information bits. The receiver of SCM- 
OFDM is illustrated in Figure 2. 

The transmitted signals will pass through the multipath 
fading channels and be corrupted by additive white Gaus-
sian noise (AWGN). At the receiver, after FFT processing 
and CP removal, the frequency domain received signal is 
given by 
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          = +  ∑
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where H(m) is the channel frequency response at the mth 
subcarrier, and W(m) is the AWGN with zero mean and 
variance σ2. 

To detect the mth chip in the kth layer, the received 
signal can be rewritten as 

 

 
Figure 1. Transmitter structure of a SCM system. 
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Figure 2. Receiver structure of a SCM system. 
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where ( )MLI
k mζ  is the total interference term with re-

spect to layer-k on subcarrier-m, consisted of both in-
ter-layer interference and noise. 

According to the central limit theorem, ( )MLI
k mζ  is 

approximated as a Gaussian random variable with mean
( )( )MLI

kE mζ  and variance ( )( )MLI
kVar mζ . Based on 

the definition of extrinsic LLR, the output of ESE detec-
tor is calculated by 
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where ( )( )MLI
kE mζ  and ( )( )MLI

kVar mζ  can be ob-
tained by the mean and variance of Xk(m). 

At each iteration, by the priori LLRs feedback from 
the DECs, the mean and variance of Xk(m) can be calcu-
lated as follows 

( )( ) ( )( )( )tanh 2 ,k DEC kE X m e X m=      (6) 

( )( ) ( )( )( )2
1 .k kVar X m E X m= −       (7) 

In the above detection algorithm, the channel informa-
tion will be utilized at every iterative step. And the sys-
tem performance can be enhanced by improving the ac-
curacy of the channel estimation. Therefore, channel pa-
rameter estimation is an important task for SCM-OFDM 
systems. 

3. Channel Estimation Based on Modified 
Kalman Filter 

3.1. Channel Model 
The Rayleigh fading channel model with Jakes’s Doppler  

spectrum is the most accepted random model to represent 
temporal variations of the equivalent baseband channel 
CG in wireless communication. Thus, this channel model 
is considered in this paper with a delay spread L. The 
normalized Doppler frequency is denoted as fDT, where 
fD represents the maximum Doppler frequency shift and 
T is an OFDM symbol period. 

After transmission over a multipath Rayleigh channel, 
the received OFDM symbol is given in the frequency 
domain (after removing CP and taking FFT) by a matrix 
form as 

= +R HX W              (8) 
where ( ) ( ) ( )0 , 1 ,..., 1

T
R R R N= −  R , X and W are 

defined in a similar way as R.  
The N N×  channel matrix H can be written in terms 

of physical channel parameters as 
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where lτ  is the lth path delay normalized by the sam-
pling time, Ts is the sampling time, and lα  is the lth 
path CGs. 

When the channel is assumed to be time invariant 
within a block, the channel matrix H can be simplified to 
a diagonal matrix denoted as  
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Let us define the N L×  matrix FH and the L N×
matrix α as follows, 
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Then substituting (11) and (12) in (10) yields 

s =H FHα               (13) 
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After obtained the path delays and CGs, the channel 
matrix can be calculated by (13). Note that α will be 
time-varying actually if the normalized Doppler fre-
quency fDT is larger. In this paper, α is assumed to be 
fixed when the channel is time-invariant. And the delays 
are assumed to be perfectly estimated and only the prob-
lem of CGs estimation is considered. 

3.2. Modified Kalman Filter Algorithms 
In this subsection, the problem of channel estimation for 
SCM-OFDM systems over time invariant channels is con-
sidered. Assuming that the path delays are known, a new 
channel estimator based on modified Kalman filter algo-
rithms is obtained to estimate the channel CGs. In this 
estimation algorithm, each CG within one OFDM sym-
bol can be estimated by using a Kalman filter recursively. 
For clarity, the modified Kalman filter algorithms are 
summarized in the following, where two different Kal-
man initialization methods are given as algorithm 1 and 
algorithm 2. 

1) Initialization: 
( )
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2) Recursive Estimation: for symbol index i = 1,2,…, 
Prediction step: 
 

1 1i i i− −= Sα α  

11 ii i −− = +P P U  

( )( )' ' 2
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In the above modified Kalman filter algorithms, the 
estimation for the channel CG of each OFDM symbol is 
performed continuously and recursively. With the increas-
ing number of estimation, the estimation performance 
will become more and more accurate. 

4. Simulation Results 
In this section, computer simulations are carried out to 
verify the effectiveness of the Kalman estimation algo-
rithms for SCM-OFDM systems. Simulations are per-
formed for a SCM-OFDM system with four layers, em-
ploying BPSK modulation. System parameters are as 
follows, N = 128 subcarriers, Ng = N/8, Np = N/8 pilots, 

and 1/Ts = 2 MHz. The channels are assumed to be 
time-invariant, thus the normalized Doppler frequency is 
selected as fDT = 0.0001. Two Rayleigh channel model 
[9,10] are chosen as shown in Tables 1 and 2. 

Figures 3 and 4 show the MSE performances of the 
Kalman channel estimation algorithms compared to LS 
and MMSE estimation algorithms in channel model A 
and model B. It can be found that the performances of 
the Kalman algorithms are significantly better than that 
of the LS and MMSE algorithms. And the performance 
gaps between the Kalman algorithms and others become 
greater with increasing SNR. Moreover, the Kalman al-
gorithm 2 can achieve more excellent estimation perfor-
mance than Kalman algorithm 1 in both channel models. 

Figure 5 depicts the BER performances of the Kalman 
channel estimation algorithms for data detection com-
pared to LS and MMSE estimation algorithms. In this 
figure, the ideal estimation algorithm is included, where 
the exact channel information is perfectly known in the 
receiver. From this figure, it can be observed that the 
Kalman algorithms can enhance the BER performance 
obviously rather than the LS and MMSE algorithms. 
Meanwhile, the performance of the Kalman algorithm 2 
is almost the same as that of the ideal algorithm. 

 
Table 1. Multipath channel model A. 

Path number Average (dB) Delay (Ts) 
0 −7.219 0 
1 −4.219 0.4 
2 −6.219 1 
3 −10.219 3.2 
4 −12.219 4.6 
5 −14.219 10 

 
Table 2. Multipath channel model B. 

Path number Average (dB) Delay (Ts) 
0 0 0 
1 −1 0.6 
2 −9 1.4 
3 −10 2.2 
4 −15 3.5 
5 −20 5 

 

 
Figure 3. MSE performances of the Kalman estimation algo-
rithms for SCM-OFDM systems in channel model A. 

100

10-2

10-1

101

10-3

-5 0 5 10 15 20
SNR(dB)

M
SE

 

LS algorithm
MSSE algorithm 
Kalman algorithm1
Kalman algorithm2

10-4

Copyright © 2013 SciRes.                                                                                   CN 



T. PENG  ET  AL. 670 

 
Figure 4. MSE performances of the Kalman estimation algo-
rithms for SCM-OFDM systems in channel model B. 

 

 
Figure 5. BER performances of the Kalman estimation algo-
rithms for SCM-OFDM systems in channel model A. 

5. Conclusion 
In this paper, channel estimation for SCM-OFDM sys-
tems is investigated over frequency selective channels. 
Compared to LS and MMSE algorithms, the Kalman 
algorithms can significantly improve the MSE and BER 
performances. More specifically, the Kalman algorithm 2 
can achieve the performance very close to the ideal algo-
rithm. 
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