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ABSTRACT 

Proposed Maximum Likelihood (ML) time domain 
channel estimation and equalization method provides a 
simple, robust scheme for compensation of the Inter-
Symbol Interference (ISI) and Inter-Carrier Interference 
(ICI) in OFDM system without Guard Interval (GI) 
using Scattered Pilots (SP). The method employs direct 
estimation of channel’s impulse response, which 
compared with other methods that use frequency 
domain estimation, does not suffer from ICI. Also it 
does not use FFT, which for case of OFDM without GI 
actually becomes the source of ICI, and requires 
additional ICI cancellation. Simulation results show that 
proposed scheme can achieve higher bandwidth 
efficiency and lower Bit Error Rate (BER) than 
conventional frequency domain methods. 

Keywords: OFDM Without Guard Interval, ISI, ICI, 
ML Estimation, Bandwidth Efficiency, Scattered Pilots. 

1. INTRODUCTION 
Guard Interval (GI), as the cyclic extension of data 

symbol, was inserted into OFDM signal to remove ISI 
and to assure the simple zero forcing frequency domain 
equalization. But with all its advantages the OFDM 
system with GI has following serious weaknesses: 

· The maximum delay difference of the channel must 
be shorter than the length of the GI, otherwise the BER 
will strongly degrade because of ISI; 

· In mobile communication can frequently occur 
changes of channel’s delay difference (for example 
when user moves from indoor to outdoor environment), 
so the GI must be chosen based on the longest delay 
difference case, which decreases the bandwidth 
efficiency, because to the each symbol must be added 
GI with long duration; 

· The transmitter spends additional power for GI, 
which in the receiver will be discarded. 

For compensation of mentioned disadvantages of 
OFDM system were proposed multiple methods of 
equalization and interference cancellation for cases with 
insufficient GI or without GI [1]-[5]. When OFDM 
system does not use GI or GI has insufficient length in 
addition to the ISI arises another problem – subcarriers 
lose orthogonality and appears the ICI. As a result the 
methods that employ frequency domain channel 
estimation and equalization must use various schemes of 

ICI cancellation. The main problem of all frequency 
domain methods is that they always suffer from ICI, but 
actually the ICI is the side effect of DFT (FFT) usage in 
the receiver, and the ICI cancellation is additional 
unnecessary operation. 

If to think about DFT not as transformation from 
the time domain into frequency domain, but as some 
type of linear transformation, then the ICI cancellation 
is another linear transformation, and their summary 
effect is some other third linear transformation. FFT is 
the optimised version of DFT, which uses less 
computations – nlog2(n) instead of the n2, but ICI 
cancellation will generally require additional n2 
computations, so the whole efficiency of using FFT 
vanishes. For OFDM without GI or with insufficient GI 
usage of two-step (DFT + ICI cancellation) frequency 
domain channel estimation and equalization become 
more computationally inefficient than the direct time 
domain channel estimation and equalization. 

In this paper we discuss the direct (without using of 
DFT) time domain maximum likelihood (ML) channel 
estimation and equalization scheme. The proposed 
method is different from all other previously proposed 
methods because it is working in the time domain 
(without FFT). It uses known preamble symbols for ML 
estimation of channel’s impulse response and employs it 
for detection of current data symbol using already 
detected previous data symbol to remove the ISI. 
Because in the case of time domain equalization it is 
possible that equalization matrix becomes badly 
conditioned (near to the singular), was used known 
Scattered Pilots (SP) to compensate the rank reduction 
of matrix. The power of SP can be equal to the zero 
(virtual carriers), which allows increasing of power 
efficiency compared with conventional OFDM with GI. 
The results of simulation show that proposed scheme 
has lower BER and can effectively compensate the ISI 
on case of long delay difference of the channel. 

2. COMMUNICATION MODEL 
The received signal, which was propagated through 

the quasistatic multipath-fading channel with Additive 
White Gaussian Noise (AWGN), can be written as: 
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where: s(t) is the transmitted signal; 
     τl is the delay of l-th  propagated path; 
     hl is the channel’s impulse response; 
     L is the number of delay paths; 
     w(t) is the AWGN. 

In multicarrier communication system transmitted signal 
is the composition of the amplitude and phase 
modulated pure tones: 
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where: Ts is the duration of symbol; 
      N is the total number of subcarriers; 
            xn(t) is the n-th not modulated subcarrier; 
     Ank is the data transmitted by n-th carrier 
           on the k-th symbol time. 

When the subcarriers, as in OFDM, are periodic 
(xn(t+mTs)=xn(t)) then sampled complex envelope of the 
received signal will become: 
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where: Tc is the duration of sample (Ts = N⋅ Tc); 
      it is assumed that the channel’s maximum 
            delay difference less than symbol duration; 
            also in (3) the hl = 0 when l < 0 or l > L. 

For OFDM the
2
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In (4) the first sum inside the [ ] is the propagated 
delayed paths of current k-th symbol and the second 
sum is the ISI from (k-1)-th symbol. 

3. PROPOSED ML DETECTION FOR OFDM 
For quasistatic multipath channel (channel’s 

impulse response does not change during one frame) the 
hl in (3) can be assumed to be constant, and the 
w(kTs+qTc) are independent Gaussian random 
variables. Then the ML solution of (3) becomes the 
standard least mean square (LMS) problem: 
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where: Y(q) is the q-th sample of observed signal; 
      Zn(q) are the known functions of q; 
      αn are N unknown parameters that must be 

     estimated by minimization of the (5); 
            the notation is 2 *X X X= ⋅ . 

When αn are discrete the solution of (5) requires the 
search between all the possible values of parameters. 
But for the continuous case the minimization of (5) 
becomes the solution of system of linear equations: 
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where: m takes all the values from 0 to (N-1). 
(6) can be used for estimation of channel’s impulse 
response for OFDM system without GI, using preamble 
symbol. When the duration of the OFDM symbol is 
twice longer than the channel’s maximum delay 
difference, to exclude the effect of ISI in the estimation 
must be used only the received samples r(kTs+qTc) for 
which q > L, then in (3) the second sum inside [ ] will 
become 0 (which is the ISI) and (3) can be rewritten as: 
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Then employing (6), the ML estimate of channel’s 
impulse response will become the solution of the system 
of linear equations: 
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where: m takes all the values from 0 to L; 
      the notation xn(q) corresponds to xn(qTc). 

For OFDM the
2
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It can be shown that when ML estimation formula 
(9) is applied to the OFDM with GI of enough length, 
and the GI part of received signal is discarded then it 
will become conventional frequency domain (after FFT) 
channel estimation. 

Strictly speaking (6) can not be used for ML data 
detection in OFDM (and any other digital 
communication system) because the transmitted data 
symbols are discrete and have limited quantization step, 
which means that ML detection requires the search 
through the all-possible values of the data constellation 
using minimization of the (5). 
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Fig. 1: Functional scheme of proposed time domain ML channel estimation and equalization for OFDM without GI. 
 
But (5) in the N dimensional space of parameters αn 
represents the convex paraboloid, which has single 
global extremum point (because here all the coefficients 
of second order polynomial are positive it is always 
point of minimum), so when the noise power is small 
compared with signal power then the ML discrete 
solution of (5) is the point nearest to the ML continuous 
solution of (6). It can be found as the quantization of 
continuous solution in the domain of the data points 
constellation. The data detection realized by this way is 
the sub-ML (but not ML) solution of (5) using (6) and 
can be written as the solution of the system of linear 
equations: 
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where: m takes all the values from 0 to N-1; 
      the notation xn(q) corresponds to xn(qTc). 

For OFDM the 
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(10) and (11) employ the sequential detection: using of 
previously detected data symbols for cancellation of ISI 
and then time domain sub-ML detection of the current 
data symbol. Similarly to the case of channel’s impulse 
response estimation it can be shown that when sub-ML 
estimation formula (11) is applied to the OFDM with GI 

of enough length and the GI part is discarded, then it 
will become conventional frequency domain (after FFT) 
Zero Forcing (ZF) frequency domain detection. 

It is possible to think that in sequential detection of 
OFDM symbols will happen serious error propagation 
(removing the ISI using the incorrectly detected 
previous data symbol). But because the number of 
detection errors is small (especially for high SNR) the 
time domain signal of previous symbol comes nearly 
uncorrupted. Actually the sequential time domain 
detection employs the redundancy of the data in the time 
domain, which conventional OFDM do not use (data 
points of GI are discarded) so it’s BER performance 
becomes much better than for conventional OFDM. 

4. SIMULATION RESULTS 
The performance of proposed ML time domain 

channel estimation and equalization method was 
evaluated using computer simulation. The functional 
scheme of OFDM system with proposed ML time 
domain channel estimation and equalization is shown in 
the Fig. 1. Table 1 shows the parameters of simulation. 
In simulation was used the multipath quasistatic 
Rayleigh fading channel model with uniformly 
distributed power profile. Fig. 2 shows the dependence 
of the BER from the maximum delay difference of the 
channel for detection using proposed method compared 
with conventional OFDM. It can be mentioned that 
proposed method is much more robust against long 
delay difference of channel, which means that it can 
provide higher bandwidth efficiency compared with 
conventional OFDM. Another much more interesting 
result is that the BER for proposed detection method is 
about 10 times smaller than for conventional OFDM 
(even for longer channel differences), as was told in 
section 3 this happens because the proposed method 
employs the redundancy of signal. In conventional 
OFDM the redundancy, given in the time domain as a 
cyclic prefix of GI, is discarded to remove the ISI, but in 
proposed method the redundancy is given in the 
frequency domain as virtual SP, which are employed by 



sub-ML time domain equalization to compensate the ICI 
and increase the BER performance. Figs. 3 and 4 show 
the dependence of BER from SNR for sufficient GI 
length case (L=16) and insufficient GI length case 
(L=20) in both of cases proposed method provides much 
smaller BER than conventional OFDM and hasn’t the 
error floor on high values of SNR. 
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Fig. 2: BER versus channel’s maximum delay difference 
for conventional OFDM with GI=16 and proposed 
method with SP=16. 
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Fig 3. BER versus SNR for conventional OFDM GI=16 
and proposed method SP=16. (channel’s maximum 
delay difference is 16). 
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Fig. 4: BER versus SNR for conventional OFDM GI=16 
and proposed method SP=16. (channel’s maximum 
delay difference is 20). 
 

Table 1. Simulation parameters. 
Number of IFFT points 128 

Modulation technique QPSK, 
16QAM 

Bandwidth of signal 100MHz 
Symbol Duration (convent. OFDM) 1.44µs 
Symbol Duration (proposed method) 1.28µs 
Duration of GI (convent. OFDM) 160ns 
Number of SP (proposed method) 16 
Model of channel Rayleigh 
Number of propagated paths 10-32 
Duration of delay difference 100-320ns 
Path’s power distribution Uniform 
Signal to noise power ratio (SNR) 20-40dB 

 

5. CONCLUSIONS 
Proposed ML time domain channel estimation and 

equalization method is robust against long delay 
difference of the multipath fading channel and hasn’t 
error floor. It is different from all other previously 
proposed methods because it is working in the time 
domain (without FFT). Even though its complexity is 
higher than the complexity of conventional OFDM if 
channel’s delay difference is less than GI but it provides 
lower BER compared with conventional OFDM. When 
the channel’s delay difference is longer than the 
duration of GI the complexity of the conventional 
OFDM becomes higher than the proposed method, 
because it requires additional ICI cancellation to 
compensate the errors of frequency domain channel 
estimation and equalization. 
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