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Abstract. In wavelet packet modulation (WPM) system, the application of the
linear minimum mean square error (LMMSE) channel estimation algorithm is
limited by the nonlinearity of the fading WPM signal. To solve the problem, a
simplified linear signal model (SLSM) matching with the LMMSE algorithm is
established in the paper. The establishing of the SLSM is based on the fading
channel and the orthogonality of WPM signals. The analysis and simulation
results show that, the SLSM is matched with the LMMSE algorithm, and the
SLSM based LMMSE algorithm can improve the WPM system performance
effectively in frequency-selective fading environment.
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1 Introduction

Multicarrier scheme is a representative technique for high bit rate wireless communi-
cations, whose key advantages are multipath immunity, narrowband interference
suppression and high band efficiency [1]. WPM system is a novel kind of multicarrier
transmission method whose good time-frequency localization motivate a lot of current
researches on it [2-5]. In WPM scheme, a packet structure can be divided not only in
frequency domain but also in time domain and this unique division brings flexibility to
wireless communication.

The wireless channel can be characterized as frequency-selective fading if the
signal bandwidth is considerably wider than the coherence bandwidth; it brings a
random gain for each scale of WPM signal and leads to selective fading in frequency
domain. Generally, linear channel estimation method is used to compensate for this, the
studies of channel compensation suitable for WPM system have been done in [6-9]. In
[6, 7], least square (LS) algorithm based estimation method was proposed to improve
the performance of the system in flat fading channel. In [8], parameters of multi-path
Rayleigh fading channel can be obtained by using LS channel estimation and linear
interpolation. In [9], Huber channel estimation algorithm was applied to achieve the
best performance in non-Gaussian channel. However, LMMSE estimation algorithm,
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the most effective estimation method in frequency selective fading channel was not
mentioned in these literatures. This is because in WPM, the inverse wavelet packet
transform (IWPT) is employed for signal synthesis, which makes the relationship
between the signal and the channel impulse response become more complex and this
leads to the mismatch between the WPM signal model and the typical LMMSE
method. As a consequence, LMMSE based channel estimation cannot be used in WPM
system. Thus the SLSM which cooperates with the typical LMMSE method has been
established in this paper. Theory and simulation results show that, the SLSM meets the
using requirement of the LMMSE channel estimator, and the proposed estimators
based on the SLSM provide significant performance gain for WPM system in
frequency-selective channel.

The structure of the paper is organized as follows. After presenting the WPM
system in Sect. 2, SLSM is established in Sect. 3. In Sect. 4, LMMSE estimation
algorithm based on SLSM are put forward. The robustness of the LMMSE channel
estimators based on the SLSM is tested in Sect. 5 and a summary and concluding
remark appear in Sect. 6.

2 WPM System

2.1 WPM System Model

WPM is a kind of multicarrier transmission method [10]. The typical WPM system
model is displayed in Fig. 1.
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Fig. 1. Equivalent WPM base-band system model.

At the transmitter, the IWPT is applied to the input data x; ,,[k] for synthesizing the
transmitted symbols x[n], each of which is individually amplitude modulated by
scaling function ¢, (). Then, the synthesis WPM signal can be constructed by

s(t) = Zxo,l [n]@g 1 (t — nT)H)
= Z le.,m [k](pl,m(t - le)
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where ¢, ,(¢) are orthogonal subcarriers and 7; is the symbol interval. The basic
principle of WPM and the performance comparison of OFDM and WPM have been
described in the literature [3]. They are very different in form, therefore the effective
channel estimation method LMMSE can be used in OFDM but not suitable for WPM.

3 The SLSM for WPM in Frequency Selective Fading
Channel

3.1 Wireless Channel Model

Assume a multipath fading channel consisting of N resolvable paths; the channel
impulse response A(t,7) can be closely approximated as

h(t,7) = Z 0:(1)0(t — 1) (2)

In (2), N is the total number of propagation path and o6(-) denotes the impulse
function. For the ith path, o;(¢) is the complex impulse response and t; is the path delay.
In the case, the received signal at the receiver can be expressed as

r(t) = s(z) x h(z,7) + w(z)

[ 3)
_ /O s(t — D)h(t, T)dT + w(t)

where w(t) is an additive white Gaussian noise with zero mean value and variance o2,
and we can safely assume the noise is uncorrelated with the channel impulse response.

3.2 The SLSM

For analysis, a special case of two-path frequency selective fading channel is taken into
account. In the condition, the equivalent low-pass received signal is modeled as

r(t) = hy(8)s(t) + ha(t)s(t — 1) +v(2) 4)

where s(7) is the multiplexed WPM signal defined in (1), /;(¢) and hy(¢) are channel
gain which are mutually independent complex Gaussian processes. At the receiver,
r(f) is passed through the matched filter ¢, (¢) for sampling and matching firstly. Since
hy(¢) and hy(¢) are slow processes and can be regarded as a constant in several bit
duration, the output of the match filter is

] = / (1) o (1 — nTo)dr

= hy[n)xo1[n] + h2[n] Zxo_l [k|R,(nTy — kTo — t) + v[n]
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where £, [n] and A [n] are the sampled values of &, () and k() at instant nT, and Ry (+)
denotes the autocorrelation function of scale function @y (z).
Re-arrangement of the right hand of Eq. (5) results in

= (hi[n) + ha[n]Ry (= 7)) x0,1 ]
{ Zx()ln— k/To—T)+V[ ]} (6)

K#0
= hy[n]xo,1[n] +vs[n]

where /;[n] and v[n| can be expressed as

hs[n] = hy[n] + ha[n]Ry(—7)
{ vs[n] = ha[n] kr%e:oxo'l [n — KRy (K'To — 1) + v[n] (7)

In (7), vs[n] represents the total noise including the Gaussian noise and the multi-
path interference.

It is well known that LMMSE is more stable and accurate method. The applicable
condition of the LMMSE is that the estimation value is the linear function of the
observe value which can be modeled as

A=B0+c (8)

where ¢ is the noise with zero mean value and is irrelevant to 0. Obviously, the form of
formula (6) does not meet the requirements, so it is not suitable for the algorithm
LMMSE. Therefore, we need to simplify the formula (6), so that it can be used for
LMMSE algorithm.

In frequency selective fading case, t > Tj. It is well known that R, (7) has a good
correlation ship. When t > Ty, R,(—1) approaches to zero and R, (0) is equal to one.
Therefore, Eq. (5) can be transformed into the following form

ryln) = halnlxo.n] + haln)xo, {n — Tio] +n] (9)

Similarly, if the total number of propagation paths is L, and for the ith path,
T; = iTp. At the same time assume that the channel is slow fading case, the received
signal can be derived as follow

I’f ZXh+V (10)

where v is the AWGN with zero mean value and variance 63, and matrix X and vector
h can be described as
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h=[ho,hy, - by ] (11)
x0,1 (1] x0,1[NV] <+ x1[N —L+2]
x0o1[2]  xoa[l] oo xoa[N — L+3]

- : : " ; (12)
xovl.[N] )C(),l[N— 1] X(),[[N_L"'l]

The received signal model described in (10) is SLSM. From (11) and (12) we can

find that, the relationship between the estimation value & and the observe value e
satisfies the condition described in (8), which denotes that the established SLSM meets
the application condition of LMMSE algorithm.

4 LMMSE Channel Estimation Adopt SLSM

LMMSE uses the statistic properties of the channel coefficients and the additive noise
to reduce the mean square error, and its estimation value comes from the minimum
mean square error described as follow

o aE{(h_;;)AT(h i) y »
Oh Oh

Based on (13), the estimation value & can be described as follow

ilLMMSE = ﬂ—I—PXT [XPXT +Rj|7l [rf — X,u}

. (14)
=[P'+X"R'X] [P u+X"R'r]

According to the SLSM established in (10), the &, r¢,v and X can be denoted as (11)
and (12). In (14), Bix) and P ) are the mean value and variance of h, and the

. -1 H o . .
superscripts []” and [-]” denote matrix inversion and Hermitian transpose respec-
tively. R = E{wv’} is the auto-correlation matrix of v. The result described in (14) has
proved the matching between the proposed model and the LMMSE algorithm in
theory.

5 Simulation and Results

Perfect synchronization has been done since the aim is to observe the channel compen-
sation performance. The received signal model was shown as (10), and the simulation
parameters were shown in Tables 1 and 2. In the experiment, Daubechies 12 wavelet was
used to synthesize and decompose the WPM symbols, the channel was modeled as 6-ray
model, and the corresponding amplitude and phase are defined in Table 2. As the channel
was frequency selective fading, the block-type pilot was used [11].
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Table 1. Simulation parameters

Wavelet pattern | Subcarriers number | Modulation scheme | Path number
Daubechies 12 |M = 512 QPSK L=6

Table 2. The amplitude and phase of h

Delay time t; | Amplitute #; | Phase ¢,
71=0 |ho] =1 1.2567
71 =T |y | = 0.6065 | 0.6283
1, =2T), |ha| = 0.3679 | —1.2567
11 = 3T |h3| = 0.2231 | —1.2567
T = 4Ty |hg| = 0.1353 | 0.6283
71 = 5T |hs| = 0.0821 | 0.6283

As shown in Figs. 2 and 3, the SLSM based estimator can improve the system
performance significantly, although the performance of the LMMSE estimator is much
better than that of LS, but is far less than that of the optimal estimator. This is because
WPM does not use the cyclic prefix (CP), and the CP is the main method to suppress
the inter-carrier interference (ICI) in OFDM system. Therefore, the ICI caused by the
frequency selective fading affects the performance of the system seriously, even if the
channel estimation has been done, it still can’t remission the decline of the performance
completely.

25 . T

—>— LS channel estimator
—>— LMMSE channel estimator

rmse
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Fig. 2. The estimation error of the SLSM based typical estimators

The increase of estimation error caused by time delay and the multipath energy is
shown in Figs. 4 and 5. In the simulation, two path channels were used, and the
channel model was denoted as follow:

r¢[n] = hoxo,1 [n] + hywxo 1 [n — m] 4+ v[n] (15)

where (15) is the particular form of (10). The time delay 1,, = mT and the ratio of
the energy between the main path and the second path was defined as
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bit error rate
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Fig. 3. BER performance of WPM system with SLSM based channel estimators in selective
fading channel

25 T T T T

T, =2T o‘ho/(yhm‘1 0.46dB,LS

N ©n=2Tys chD/o‘hm—1 0.46dB,LMMSE ||

o1 =4T,, Gholchm—4.44dB,LS

ol e =T, 02 jo2 =4.440B LMMSE |
—*— 1 =6T,, Gholch =0.92dB,LS

RMSE

Tk =BT GhD/GhM—O.QZdB,LMMSE

25
SNR(dB)

Fig. 4. The estimation error of SLSM based typical channel estimators with different time delay
Ty and o [0}
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Fig. 5. BER performance of WPM system using SLSM based channel estimators in selective
fading channel with different time delay 7, and o} /o;
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2 /g2 =101 238 16
O-ho/o-h,,l* g |h |2 ( )

where hy was the main path.

From the simulation results we can find that, with the increase of the delay and the
decrease of energy ratio, the estimation error increases and the system performance
declines. The above results indicate that the SLSM based LMMSE estimation method
can improve the system performance significantly, which has proved the good
matching between the LMMSE and the proposed model.

6 Conclusion

The investigation shows that the nonlinear of the WPM fading signal model in fre-
quency selective fading channel is the significant limitation to the using of the LMMSE
algorithm. Therefore, the SLSM has been established and the LMMSE estimator using
SLSM is employed to improve the system performance. The key features of the SLSM
are: (i) It is obtained by using the orthogonality principle of the wavelet packet function
and the characters of the frequency selective fading channel. (ii) The linear form of the
SLSM satisfies the applicable condition of the LMMSE estimator.

The theoretical and simulation results demonstrated that the proposed SLSM has
solved the mismatch problem between the nonlinear of the signal model and the linear
estimator, and the SLSM based LMMSE channel estimators can significantly improve
the WPM system performance in frequency selective fading environment.

Acknowledgements. This work was supported by the National Natural Science Foundations of
China (61301105, 61401288 and 61601221), the Natural Science Foundations of Jiangsu Pro-
vince (BK20140828), the China Postdoctoral Science Foundations (2015M581791 and
2015M580425), and the Fundamental Research Funds for the Central Universities (DUT16RC(3)
045).

References

1. Ali, S., Rahman, M., Hossain, D., et al.: Simulation and bit error rate performance analysis
of 4G OFDM systems. In: Computer and Information Technology, pp. 138-143. IEEE
(2008)

2. Lindsey, A.R.: Wavelet packet modulation for orthogonally multiplexed communication.
IEEE Trans. SP 45(5), 1336-1339 (1997)

3. Antony, J., Petri, M.: Wavelet packet modulation for wireless communications. IEEE
Wireless Commun. Mobile Comput. 5(2), 123-137 (2005)

4. Linfoot, S.: A novel approach to communications for DVB-T and DVB-H. In: Consumer
Electronics, pp. 1-4. IEEE (2008)

5. Bajpai, A., Lakshmanan, M., Nikookar, H.: Channel equalization in wavelet packet
modulation by minimization of peak distortion. In: Personal, Indoor and Mobile Radio
Communications, pp. 152-156. IEEE (2011)



382

10.

11.

W. Zhong et al.

. Wu, J.: Wavelet Packet Division Multiplexing. McMaster University, Canada (1998)
. Zhou, L., Li, J., Liu, J., et al.: A novel wavelet packet division multiplexing based on

maximum likelihood algorithm and optimum pilot symbol assisted modulation for rayleigh
fading channels. Circ. Syst. Sig. Process. 24(3), 287-302 (2005)

. Yang, M., Liu, Z., Dai, J.: Frequency selective pilot arrangement for orthogonal wavelet

packet modulation systems. In: Computer Science and Information Technology, pp. 499—
503. IEEE (2008)

. Yang, M., Liu, Z., Dai, J.: Robust channel estimation in WPM systems. In: Circuits and

Systems for Communications, pp. 750-753. IEEE (2008)

Wong, K., Wu, J., Davidson, T., et al.. Wavelet packet division multiplexing and wavelet
packet design under timing error effects. Sig. Process. 45(12), 2877-2890 (1997)

Coleri, S., Ergen, M., Puri, A., et al.: Channel estimation techniques based on pilot
arrangement in OFDM systems. IEEE Trans. Broadcast. 48(3), 223-229 (2002)



	Research on LMMSE Channel Estimation Algorithm Using SLSM in WPM System
	Abstract
	1 Introduction
	2 WPM System
	2.1 WPM System Model

	3 The SLSM for WPM in Frequency Selective Fading Channel
	3.1 Wireless Channel Model
	3.2 The SLSM

	4 LMMSE Channel Estimation Adopt SLSM
	5 Simulation and Results
	6 Conclusion
	Acknowledgements
	References


