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Abstract: Channel estimation is a key technology in improving the performance of the orthogonal
frequency division multiplexing (OFDM) system. The pilot-based channel estimation method
decreases the spectral efficiency and data transmission rate. Some conventional channel estimation
methods cannot suppress the noise effectively, which affects the quality of the final received signals.
To solve these two problems, a Haar wavelet decision feedback (DF) channel estimation method,
also named the Haar wavelet method, is proposed in this paper. The proposed Haar wavelet method
can suppress the noise existing at the estimated channel impulse response (CIR) effectively, based on
a time-domain threshold which is a standard deviation of noise obtained by wavelet decomposition.
At the same time, the proposed Haar wavelet method just requires inserting one block pilot symbol
in front of the first OFDM symbol, which therefore improves the data transmission rate and spectrum
efficiency greatly. Simulation results are shown to verify the effectiveness of the proposed Haar
wavelet method in multipath channel propagation conditions.

Keywords: channel estimation; orthogonal frequency division multiplexing (OFDM); decision
feedback (DF); wavelet decomposition

1. Introduction

Orthogonal frequency division multiplexing (OFDM) system [1-5] has been widely used in
modern wireless communication systems due to its high spectrum efficiency and strong multipath
fading resistance ability. The cyclic prefix (CP) is used as the guard interval in each OFDM symbol to
reduce the inter-symbol interference (ISI) and inter-carrier interference (ICI) greatly. At the same time,
the OFDM system utilizes the time delay characteristics of multipath fading channel which greatly
simplifies the equalizer design. The OFDM technology can also combine with the multiple-input
multiple-output (MIMO) technology to enhance the channel capacity [6]. The wireless channel is an
important part in OFDM systems. But when the signal passes through the wireless fading channel,
it will be disturbed by the additive white Gaussian noise (AWGN) which affects the quality of signal
transmission and the performance of the system. Some papers [7,8] use Turbo coding with code rate of
1/3 and 1/2 respectively at the transmitter in OFDM system to suppress the effect of noise in wireless
channel. It can obtain good performance in bit error rate (BER). To further improve the OFDM system
performance, channel estimation is a key technology, and an efficient channel estimation method can
greatly improve the system performance.

To estimate the characteristics of the channel, some conventional channel estimation methods
are often performed in frequency-domain using pilots [9], such as least square (LS) method [10-12],
minimum mean square error (MMSE) method [13], linear MMSE (LMMSE) method [14], singular value
decomposition (SVD) method [15], noise suppression threshold method [16,17], and so on. The LS
channel estimation method has the advantage of low complexity and easy implementation. But this

Appl. Sci. 2018, 8, 877; d0i:10.3390/app8060877 www.mdpi.com/journal/applsci


http://www.mdpi.com/journal/applsci
http://www.mdpi.com
https://orcid.org/0000-0002-4441-4075
https://orcid.org/0000-0002-1331-7379
https://orcid.org/0000-0002-0901-2492
http://www.mdpi.com/2076-3417/8/6/877?type=check_update&version=1
http://dx.doi.org/10.3390/app8060877
http://www.mdpi.com/journal/applsci

Appl. Sci. 2018, 8,877 20f15

method does not consider any noise effect in obtaining its solutions and has poor performance [10,11].
In [12], LS channel estimation method is applied on the space-time block-code based MIMO-OFDM
system. It also designs a new pilot pattern to further improve the accuracy of the channel estimation.
This method has low complexity, but it may has poor performance in dynamic channel which restrains
the application. The MMSE channel estimation method has good performance because of utilizing
the channel statistics and the signal-to-noise ratio (SNR) to suppress the effect of noise. However
this method requires a large amount of calculations concerning the inverse operation of the matrix,
and the hardware implementation is relatively hard [13]. To further reduce the calculation complexity,
the LMMSE channel estimation method is proposed in [14]. But the disadvantage of this method is that
much priori information is required to calculate the autocorrelation matrix about the channel. Hence,
the application of this method will be restrained in complicated fading channel conditions. In [15],
the discrete cosine transform-SVD (DCT-SVD) based channel estimation technique was presented in
IEEE 802.16e downlink partially used sub channelization system. This channel estimation method
has a low calculation complexity. However, it just utilizes the outer coding technology in downlink
partially used sub channelization system, and the channel estimation accuracy is decreased in fast
fading environment. A time-domain threshold channel estimation method for OFDM systems was
proposed in [16]. This method is based on a time-domain threshold which is a standard deviation of
noise obtained by wavelet decomposition. To obtain a good performance, the time-domain threshold
decreases with the increase of SNR. But the disadvantage of this method is that it uses comb pilots to
estimate the channel state information which greatly reduces the spectrum efficiency. In [17], the linear
filter least square channel estimation method was proposed in OFDM systems. This method can
effectively suppress the AWGN by the linear filter in time-domain. But the suppression factor of the
linear filter in this paper is usually utilized in time-domain synchronous-OFDM (TDS-OFDM) systems.
Hence, other communication systems, such as underwater acoustic communication and MIMO-OFDM
systems, may require choosing a new suppression factor to effectively suppress the AWGN.

The pilot-based channel estimation method is relied on the pilot symbols to estimate the
channel state information which reduces the data transmission rate and spectrum efficiency. Another
channel estimation method which has been extensively studied is called blind channel estimation
method [18-20]. The blind channel estimation method presented in [21,22] requires no pilots to
estimate the channel state information. Hence, the blind channel estimation method has higher
spectrum and data transmission efficiency than the pilot-based channel estimation methods. But at
the same time, the blind channel estimation method requires calculating the statistical properties
between the transmitted symbols and received symbols to estimate the channel impulse response
(CIR). Hence, this method has high computational complexity which restrains the application in the
OFDM systems. To further reduce the computation complexity of blind channel estimation method,
a precoding-assisted blind channel estimation algorithm was proposed in [23]. This algorithm designs
a non-redundant linear pre-coder based on auto-correlation matrix at the transmitter. This method
has low complexity than conventional subspace-based blind channel estimation method. But this
algorithm cannot be applied in MIMO system which is widely used today.

The semi-blind channel estimation method is a tradeoff between computational complexity and
spectrum efficiency [24-26]. Compared with the pilot-based channel estimation method, the semi-blind
method uses less pilots to estimate the channel state information which improves the data transmission
rate and spectrum efficiency. At the same time, the computational complexity is further reduced
compared with the blind channel estimation method. In [27], a quasi-Newton method for semi-blind
estimation is derived for channel estimation in uplink cloud radio access networks. Firstly, the initial
channel state information is provided by LS channel estimation. Then, the maximum-likelihood
principle is used to improve the estimation performance in the semi-blind channel estimation.
Simulation results show that semi-blind channel estimation decreases the overhead of bandwidth
without sacrificing the mean square error (MSE). In [28], an iterative space-alternating generalized
expectation maximization (SAGE) based semi-blind channel estimation method was presented in
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massive MIMO systems. This method updates the pilot-based channel estimate errors with the help of
SAGE algorithm. It first uses a few pilots to obtain the initial channel parameters. Then, the iteratively
SAGE algorithm is used to improve the accuracy of the initial channel parameters. The advantage
of this method is that it saves the additional pilot overhead and achieves convergence in almost
one iteration. But the disadvantage of this method is that the SAGE algorithm increases the system
complexity. An optimized semi-blind channel estimation method in OFDM systems was presented
in [29]. This method uses the scaled LS technique to estimate channel state information and further
eliminate the subspace decomposition estimation error which is caused by the noise in the channel.
Due to using a few pilots, this method improves the spectrum efficiency. But the disadvantage of
this method is that it cannot suppress the ICI and ISI effectively due to using the zero prefix (ZP) as
the guard interval. In paper [30], a semi-blind algorithm that uses the linear prediction as the blind
channel estimation, in combination with some training data to further improve the channel estimation
accuracy, yielding a better estimation performance. However, this semi-blind estimation algorithm
is not applicable in MIMO-OFDM systems, since the signal model in MIMO-OFDM systems is quite
different from that in MIMO systems.

This paper proposes a Haar wavelet decision feedback (DF) channel estimation method applied
in wavelet-OFDM system. It has high spectrum and data transmission efficiency while suppressing
the AWGN existing at the estimated channel coefficients in time-domain effectively. It can improve the
system BER and normalized MSE (NMSE) performance and is easy to implement in the system
hardware. Simulation results verify that the proposed Haar wavelet method is superior to the
conventional LS, discrete Fourier transform (DFT), and DF channel estimation methods in terms
of BER and NMSE performance under multipath fading channel conditions.

The remainder of this paper is organized as follows. In Section 2, the system model is presented.
Section 3 introduces three conventional channel estimation methods. Section 4 illustrates the proposed
Haar wavelet decision feedback channel estimation method. The experimental results and comparison
analysis are presented in Section 5. Conclusions and future work are presented in Section 6.

2. System Model

The system model of the wavelet-OFDM system is presented in Figure 1 [17].
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Figure 1. System model of the wavelet-orthogonal frequency division multiplexing (OFDM) system.

At the transmitter, the incoming binary information is first grouped and mapped according to a
pre-specified modulation scheme-quadrature phase shift keying (QPSK). After inserting few pilots,
the QPSK symbols are converted into parallel streams by serial-to-parallel block. Inverse fast Fourier
transform (IFFT) block is used to transform the data sequence X with N rows into time-domain
signal, where N is the number of subcarriers in frequency-domain. Then, the CP is inserted into the
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time-domain OFDM symbols x in order to reduce the ICI and ISI. The transmitted signal will pass
through the multipath fading channel with AWGN after parallel to serial block.

At the receiver, the CP is removed after the serial to parallel conversion. Following the fast Fourier
transform (FFT), the estimated channel state information is obtained in the channel estimation block.
The AWGN existing at the estimated channel coefficients is further reduced in the wavelet de-noising
block. The detail process of dotted line block in Figure 1 is described in Section 4. At last, the binary
information data is obtained after the demodulation with QPSK demodulation scheme.

3. Conventional Channel Estimation Methods

3.1. LS Channel Estimation

The LS channel estimation method can be easy to implement in OFDM systems [11]. In LS channel
estimation method, block type pilots are used to estimate the channel state information. It can be shown
that the estimated channel frequency response (CFR) at pilots by the LS method is represented as

Hig(kp) = @
where X(kp) and Y(kp) are the transmitted and received pilot signal on the kp-th pilot symbol,
respectively. The channel coefficients of all data symbols in frequency-domain Hy g can be obtained by
one-dimensional linear interpolation.

3.2. DFT Channel Estimation

Although LS channel estimation method is relatively simple and easy to implement, the significant
disadvantage of the method is that it is susceptible to the AWGN of the channel. The DFT channel
estimation method is carried out in time-domain to suppress the effect of noise. The channel response
values beyond the length of guard interval are set to zero to remove the impact of AWGN in this
method. The procedure of the DFT channel estimation method is shown in Figure 2 [17,31].
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Figure 2.  Discrete Fourier transform (DFT) channel estimation method in cyclic prefix
(CP)-OFDM system.

As shown in Figure 2, the CFR H s obtained by the LS channel estimation method is converted
into time-domain CIR szs(n) withn =0,1,2,--- ,N — 1 by the IFFT operation. Assuming that L is
the number of points of guard interval, the length of CIR should be no longer than that of the guard
interval. To suppress the AWGN effectively, fi5(n) should be considered to be AWGN when 1 > L.
After noise suppression, the estimated CIR szpT(n) can be expressed as [17]
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A I n), 0<n<IL,
hm(n)—{ e, 0= @)

At last, the new noise removal CFR Hppy can be obtained by the FFT operation of leFT(n).

3.3. DF Channel Estimation

Due to using a large number of pilots in the LS and DFT channel estimation methods, the data
transmission rate and spectrum efficiency of the system are decreased in a certain extent. The DF
channel estimation method does not require transmitting the block pilots regularly within a certain
time interval. It just requires inserting one block pilot symbol in front of the first OFDM symbol to
estimate the initial CFR. The block type pilot is distributed on each subcarrier uniformly. channel
state information can be obtained through the process of iterative channel estimation. For high speed
data communication system, this method improves the communication efficiency. The procedure of
the DF channel estimation method is shown in Figure 3 [32].
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Figure 3. Decision feedback (DF) channel estimation method in CP-OFDM system.

To reduce the use of pilots, the DF channel estimation method uses the channel state information
of current OFDM symbol as the next OFDM symbol’s channel coefficients. In the process of iterative
channel estimation, this method requires inserting one block pilot symbol to obtain the initial channel
state information by LS method which is presented as

N Y,
=L 3)

where Yp and Xp are the received and transmitted block type pilot symbols, respectively.
The equilibrium value of the first OFDM symbol Z; can be obtained by the CFR Hp which is

presented as
Y

_HP,

Z (4)
where Y] is the first received OFDM symbol. As shown in Figure 3, the previously estimated CFR H;_{
is taken as a prediction of the current channel coefficients. The equilibrium value of the current OFDM
symbol Z; is obtained by Equation (5) which is presented as

Yi

Zi= —, 5
=g ©)

where i is the index of OFDM symbols. Then, the estimated current OFDM symbol’s transmission
value X; can be obtained by hard decision. The detected symbol X; will be further divided by the
received symbol Y; in order to calculate the new estimated CFR H; which is represented as

Y;

Hi - =
Xi

(6)
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From Equations (3) to (6), the division means the corresponding element division between two
vectors. The channel coefficients of all data symbols in frequency-domain Hpp are obtained through
the iterative process above. At the same time, the transmitted symbol X; can be obtained during the
iterative channel estimation.

4. Proposed Haar Wavelet Decision Feedback Channel Estimation Method

To have high spectrum and data transmission efficiency like the DF channel estimation method,
at the same time, the AWGN in time-domain can be effectively removed. This paper proposes a Haar
wavelet decision feedback channel estimation method. The threshold obtained by the Haar wavelet
decomposition can be utilized to suppress the AWGN in time-domain effectively. Compared with the
time-domain threshold channel estimation method in [16] which also uses Haar wavelet, this paper
uses DF channel estimation method to obtain the initial channel estimation coefficients and improves
the spectrum and data transmission rate. Paper [16] uses pilot-based LS method to obtain the initial
channel estimation coefficients which decreases the spectrum and data transmission efficiency. In the
wavelet-OFDM system proposed in this paper, IFFT and FFT operations are used to combine different
subcarriers into a composite time-domain signal. But papers [33-35] use inverse discrete wavelet
transform (IDWT) and DWT instead of IFFT and FFT, which aim to suppress the ICI and ISI. Paper [35]
also investigated different wavelets to adapt to the specific channel environment. The Haar wavelet
is used as subcarriers in [33-35]. In this paper, Haar wavelet decomposition is used for suppressing
noise existing at the estimated channel coefficients in time-domain.

In the practical application, the received signals are disturbed by the AWGN. After the wavelet
decomposition, signals are divided into the important and unimportant coefficients [16]. The important
coefficients contain the useful information about the signal and the AWGN is concentrated on the
unimportant coefficients. The important coefficients also called approximation coefficients can be
obtained based on low-pass filter. The unimportant coefficients also called detail coefficients can
be obtained based on high-pass filter. The Haar wavelet has the advantage of simple and easy
implementation. In addition, the channels used in this paper are multipath fading channels which
have the characteristic of frequency selectivity. Haar wavelet is more suitable for this channel
characteristic [36]. Hence, this paper uses Haar wavelet to decompose the channel response. According
to Haar wavelet, the frequency response of low-pass filter F(e/) and high-pass filter G(el’) can be
respectively expressed as [16]

F(¥) = /2 cos(

), (7)
G(e) = —jel/2sin(), ®)

where w is radian frequency.

The detail coefficients are obtained by high-pass filter and the frequency of noise is relatively
higher than that of the signal. As a result, noise existing at high frequency is the dominant components
in the detail coefficients. The standard deviation of the detail coefficients corresponding to the noise
added to the signal can be obtained by [16]

median(|d;|)

T T 03045

©)
where d; are the detail coefficients obtained by the Haar wavelet decomposition. median(-) is the
operation of obtaining the mid-value of a vector. In [16], constant value 0.6745 is used as the
denominator in Equation (9). The channel environment used in this paper is different from the
paper [16]. Simulation verifies that 0.3045 is an optimal value to obtain good system performance.
The procedure of the proposed Haar wavelet method is presented in Figure 4.
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Figure 4. The proposed Haar wavelet channel estimation method in wavelet-OFDM system.

As shown in Figure 4, to obtain high data transmission rate and spectrum efficiency, the initial
CFR Hpy is obtained by the DF channel estimation method. Then, the time-domain CIR hpr is obtained
by the IFFT operation. After the IFFT operation, the Haar wavelet decomposition is performed to
obtain the detail coefficients d;. Based on the Equation (9), the ¢ is obtained as the threshold to reduce
the AWGN in time-domain which is presented as

P

0, hipg(n)

(1) = { o et i . (10)

After setting the insignificant channel coefficients that below the threshold to be zero, the noise-
removed channel coefficients are transformed into frequency-domain coefficients Hiy,.r in the FFT
block. Finally, through these procedures, the proposed Haar wavelet method improves the data
transmission rate and spectrum efficiency while suppressing the AWGN effectively.

5. Simulation Results

This section presents the BER and NMSE performance comparisons between LS, DFT, DF, and the
proposed Haar wavelet decision feedback method. The simulation is performed in static and dynamic
multipath environments, respectively. The multipath channel models are China DTV Test 1st (CDT1)
and China DTV Test 6st (CDT6). CDT1 and CDT6 channels are from the field tests for digital television
terrestrial broadcasting standard [37]. Both CDT1 and CDT6 channels are belong to the Rayleigh fading
channel. Under Rayleigh fading channel environment, the received signals suffer from the effect of
multipath propagation. The received signals come from the different paths and have different delay
time before arriving at the receiver. It is assumed that the components of the received waveform obey
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the Gaussian distribution with a mean value of zero and standard deviations ¢3, and the probability
density function of the Rayleigh fading amplitude is presented as [8]

a —a) g>0,
fay= | @OPagh 42 (11)
0, a<o,

where a is the amplitude of the received signal. CDT1 is a typical multipath broadcasting channel
model which has slight frequency-selectivity. CDT6 channel has stronger frequency-selectivity than
CDT1 channel. These two channels are used to verify the effectiveness to channel characteristics of the
proposed Haar wavelet method.

The profiles for the CDT1 and CDT6 channel models are shown in Table 1. The main simulation
parameters based on wavelet-OFDM system and CP-OFDM system are presented in Table 2.

Table 1. Profiles for China DTV Test 1st (CDT1) and CDT6 multipath fading channels [17].

- CDT1 CDT6
a
Delay (us)  Power (dB)  Delay (us)  Power (dB)
1 0 0 0 0
2 -18 -20 —18 -10
3 0.15 -20 -1.8 -20
4 1.8 -10 0.15 -20
5 57 —14 1.8 -10
6 18 —18 57 —14

Table 2. Parameters for wavelet-OFDM and CP-OFDM systems.

Parameters Specifications
System model wavelet-OFDM/CP-OFDM
Modulation mode QPSK
CP length (subcarriers) 128/140
Subcarrier number 512
OFDM block length 10
Doppler spread 20 Hz

The conventional LS, DFT, and DF channel estimation methods are presented in CP-OFDM system.
The proposed Haar wavelet method is proposed in wavelet-OFDM system. In the wavelet-OFDM and
CP-OFDM systems, the modulation mode is the QPSK scheme. The total number of data subcarriers
is 512. The CP occupies 128 subcarriers in the simulation of CDT1 channel. Due to CDT6 channel
has stronger frequency-selectivity than CDT1 channel, this paper adds the length of CP under CDT6
channel environment. The CP occupies 140 subcarriers in the simulation of CDT6 channel. One OFDM
block consists of 10 OFDM symbols. In LS and DFT channel estimation methods, 5 block type pilots
are inserted into the OFDM symbols uniformly. In DF and the Haar wavelet methods, one block pilot
symbol is inserted into the front of the first OFDM symbol. This paper utilizes the Doppler spread
equivalent to 20 Hz in dynamic multipath channel environment. The threshold ¢ obtained in the
proposed Haar wavelet method under CDT1 and CDT6 channels are presented in Figure 5.

As can be seen from Figure 5, with the increase of SNR, the threshold ¢ under both CDT1 and
CDT6 channels are decreasing, respectively. Under low SNR conditions, noise has larger energy than
the useful signal. Hence, the threshold ¢ is set to be large to suppress the noise to the maximum extent.
According to Equation (9), when SNR = 10 dB, the thresholds & are 0.0268 and 0.0281 in CDT1 and
CDT6 channels, respectively. When SNR = 14 dB, the thresholds ¢ are 0.0148 and 0.0164 in CDT1 and
CDT6 channels, respectively. The changing threshold can filter the noise effectively and improve the
accuracy of channel estimation, reducing the system BER at the same time.
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Figure 5. The threshold ¢ under CDT1 and CDT6 channels.

5.1. The Performance in Static Channel

9of 15

The performance metrics BER and NMSE under static CDT1 channel are shown in Figures 6
and 7, respectively. The performance metrics BER and NMSE under static CDT6 channel are shown in
Figures 8 and 9, respectively.
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Figure 6. Bit error rate (BER) performance of quadrature phase shift keying (QPSK) modulated
CP-OFDM and wavelet-OFDM systems under CDT1 channel.
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As can be seen from Figure 6, the BER performance of above several channel estimation methods
all decreases with the increase of SNR. Under the same conditions, the DF and LS channel estimation
methods have higher BER results among the four channel estimation methods. Although LS channel
estimation method has about 0.3 dB gains compared with DF method at BER of 102, the DF method
has high data transmission rate and spectrum efficiency. The proposed Haar wavelet method has
the lowest BER among the four channel estimation methods. At the BER of 1073, the proposed Haar
wavelet method can provide about 0.5 dB and 1.5 dB SNR gains compared with DFT and DF methods,
respectively. Hence, under static slight frequency-selectivity CDT1 channel conditions, the Haar
wavelet method can be used to estimate the channel properties.

NMSE

ss==#=+* DF method

—P— LS method
—O— DFT method
3 —%— Haar wavelet method
10 r r r r r r
0 2 4 6 8 10 12 14 16 18 20
SNR (dB)

Figure 7. Normalized mean square error (NMSE) performance of QPSK modulated CP-OFDM and
wavelet-OFDM systems under CDT1 channel.

As can be seen from Figure 7, as the SNR increases in the CP-OFDM and wavelet-OFDM systems,
the simulation results of four channel estimation methods are decreased in terms of NMSE. Under the
same conditions, the proposed Haar wavelet method has the lowest NMSE performance. At the NMSE
of 10!, compared with the DFT channel estimation method, the proposed Haar wavelet method has
about 7.5 dB SNR gains.

As can be seen from Figures 8 and 9, the BER and NMSE performance are presented in
CDT6 channel. The CDT6 channel has stronger frequency-selectivity than CDT1 channel. Hence,
the performance under CDT6 channel is worse than CDT1 channel. With the increase of SNR,
the simulation results show a trend of overall decreasing. Although the CDT6 channel has worse
propagate condition than CDT1 channel, the proposed Haar wavelet method also has the best
performance among the four channel estimation methods. In Figure 8, the simulation results about
the proposed Haar wavelet method is very close to the ideal channel estimation. At the BER of 102,
compared with the DFT, LS, and DF channel estimation methods, the proposed Haar wavelet method
has about 0.9 dB, 2.5 dB, and 3 dB BER gains, respectively. In Figure 9, compared with the DFT, LS,
and DF methods, the proposed Haar wavelet method has about 8.4 dB, 10.3 dB, and 13.1 dB NMSE
gains at the NMSE of 10~!. Hence, the proposed Haar wavelet method has the best performance
among the DF, LS, and DFT channel estimation methods.
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NMSE

*===4=+=* DF method
—P— LS method
—&— DFT method
10_3 —h— Haar wavelet method . . . . . .
0 2 4 6 8 10 12 14 16 18 20

SNR (dB)

Figure 9. NMSE performance of QPSK modulated CP-OFDM and wavelet-OFDM systems under
CDT6 channel.



Appl. Sci. 2018, 8, 877 12 0f 15

5.2. The Performance in Dynamic Channel with Doppler Spread 20 Hz

The BER performances in CDT1 and CDT6 channels with Doppler spread 20 Hz are presented
in Figures 10 and 11, respectively. The LS channel estimation method is simple to implement, but it
is susceptible to the AWGN of the channel. The DFT channel estimation method just reduces the
channel estimation noise in time-domain, but it cannot adapt to the time-varying channel. The DF
and proposed Haar wavelet methods both use the previous one OFDM symbol’s CFR as the current
OFDM symbol’s CFR. Hence, these two methods have large estimation errors when the channel is
time variant. Therefore, under the condition of the Doppler spread equivalent to 20 Hz, the BER and
NMSE performance are worse than that in static channel.

BER

==+ DF method
—P— LS method
—&— DFT method

10_3 —%— Haar wavelet method . . . .
0 2 4 6 8 10 12 14 16

SNR (dB)

Figure 10. BER performance of QPSK modulated CP-OFDM and wavelet-OFDM systems under CDT1
channel with Doppler spread 20Hz.

As can be seen from Figure 10, different channel estimation methods have the same trend in
terms of BER. With the increase of SNR, the simulation results show a trend of overall decreasing. The
proposed Haar wavelet method has the lowest BER. The simulation results show that the proposed
Haar wavelet method is significantly better than other conventional methods in the CDT1 channel
with Doppler spread 20 Hz. At the BER of 1072, compared with the DFT, LS, and DF channel
estimation methods, the proposed Haar wavelet method has about 0.45 dB, 0.7 dB, and 2.35 dB BER
gains, respectively.

As can be seen from Figure 11, the proposed Haar wavelet method has the best performance
among the four channel estimation methods under CDT6 channel with Doppler spread 20 Hz. When
the BER is 2 x 1072, compared with the DFT, LS, and DF channel estimation methods, the proposed
Haar wavelet method has about 0.95 dB, 2.2 dB, and 3.5dB gains, respectively. Hence, the proposed
Haar wavelet method has the best performance among the four channel estimation methods.
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Figure 11. BER performance with QPSK modulated CP-OFDM and wavelet-OFDM systems under
CDT6 channel with Doppler spread 20Hz.

6. Conclusions and Future Work

This paper proposes a Haar wavelet decision feedback channel estimation method. The DF
channel estimation method can provide high data transmission rate and spectrum efficiency while
the wavelet decomposition can suppress the AWGN existing at the estimated channel coefficients
in time-domain effectively. Simulation results have verified that combining these two methods can
provide good performance under static slight frequency-selectivity CDT1 channel. But under the
conditions of strong frequency-selectivity and dynamic channels, the proposed Haar wavelet method
needs improvement to further improve the accuracy of channel estimation.

Compared with the conventional DF channel estimation method, the proposed Haar wavelet
method has better performance. Compared with the LS and DFT channel estimation methods,
the proposed Haar wavelet method not only has better performance but also has high data transmission
rate and spectrum efficiency. With the improvement of the fifth generation (5G) technology, there are
more demands for high transmission data rate and spectrum efficiency in communication systems.
Hence, the proposed Haar wavelet channel estimation method has broad market prospect and can be
applied in optical communication, radar communication, and underwater acoustic communication [5].

In future work, we will do some significant researches on the following aspects. First, we will
apply the Haar wavelet method in Turbo coded CP-OFDM system [7,8] to better adapt to the strong
frequency-selective and dynamic channels. Second, we will make a meaningful study about the
application of other wavelets in channel estimation.
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