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Abstract—A low complexity wavelet packet transform-based least
mean square (LMS) adaptive beamformer is presented in this paper.
This beamformer uses wavelet packet transform as the preprocessing,
reduces the signal dimension in wavelet packet domain for low
complexity and denoising, and employs least mean square algorithm to
implement adaptive beamformer. Theoretical analysis and simulations
demonstrate that this algorithm with better beamforming performance
converges faster than the conventional adaptive beamformer and the
wavelet transform-based beamformer. Finally, our proposed algorithm
has the low complexity, and it can be easy to implement.

1. INTRODUCTION

Antenna array has been used in many fields such as radar, sonar,
communications, seismic data processing, and so on [1-6]. Adaptive
beamforming technique [7-12] is the key technique of array signal
processing. A beamformer is a spatial filter that operates on the
output of an array of sensors in order to enhance the amplitude of
a coherent wavefront relative to background noise and directional
interference [13]. Least Mean Square (LMS) adaptive beamforming
is a simple and practical beamforming technique. LMS algorithm has
many advantages, such as low complexity, simply implementation and
high stability, but its remarkable disadvantage is slow convergence,
which limits its application. It has been proved that the main factor
affecting the LMS adaptive beamforming convergence is the ratio of
maximal eigenvalue to minimal eigenvalue Apax/Amin of input signal.
The convergence become faster as the reduction of Apax/Amin [14, 15].
In order to increase the convergence speed, the frequency-domain



292 Zhang, Wang, and Xu

filtering method has been extended to yield the transform domain
filtering method, which finds applications in many field including
beamforming [16, 17], and so on.

Wavelet theory provides a new way for transform-domain
adaptive filtering [18]. Wavelet is characterized by good time-
frequency characteristic [19,20]. Wavelet transformed signal decreases
autocorrelation, and show a special band distribution [21], which leads
to an increase in convergence speed. Wavelet transform has been
used in adaptive beamforming [22-26], and the algorithms can be still
improved further. The wavelet packet method is a generalization of
wavelet decomposition, and it offers a rich range of possibilities for
signal analysis. In the wavelet analysis, the signal is split into an
approximation and a detail. The approximation is then itself split into
a second-level approximation and detail, and the process is repeated.
In wavelet packet analysis, the details as well as the approximations
can be split repeatedly, so wavelet packet transformed signal has faster
convergence. White noise often pollutes the received signal, and is hard
to denoise in the time domain, but it is easy to denoise in the transform
domain [27].

In this paper, the received signal of array antenna is analyzed,
which shows that different Directions of Arrival (DOA) correspond
to different multi-solution in the fixed array spacing. The received
signal of array antenna has multi-resolution from DOA angle, and
is taken as the foundation of wavelet packet application. Wavelet
packet transform-based LMS adaptive beamformer is proposed. This
algorithm has the faster convergence speed than wavelet transform-
based LMS beamformer and conventional LMS beamformer. This
algorithm has low complexity, and it can be easy to implement.

This paper is structured as follows. Section 2 develops multi-
resolution characteristics of received signal. Wavelet packet transform-
based LMS adaptive beamformer is presented in Section 3. Section 4
deals with algorithm performance analysis.  Section 5 presents
simulation results and Section 6 summarizes our conclusions.

Denote: We denote by (.)* the complex conjugation, by (.)7 the
matrix transpose, and by (.)¥ the matrix conjugate transpose. The
notation (.)* refers to the Moore-Penrose inverse (pseudo inverse).
||| > stands for the matrix conjugate transpose.

2. MULTI-RESOLUTION CHARACTERISTICS OF
RECEIVED SIGNAL

In applying wavelets to an array signal processing problem, a key
issue is how to understand the scale in an array signal. According
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to Ref. [28], the difference between the received signals at two adjacent
sensors is contained in the phase term. Basically, this phase term
determines the oscillation rate in a spatial signal. This can be
further understood from the spatial sampling criterion. To avoid phase
ambiguity, a constraint is imposed on the phase difference between the
received signals at two adjacent sensors:

2
|kdsin | = ‘;dsme < (1)

where X is wavelength, d is the spacing between adjacent sensors, and
0 is DOA. From Eq. (1), the spatial sampling interval depends on the
signal direction.
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Figure 1. Spatial multi-resolution of different DOAs.
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Figure 2. DOA-spatial frequency resolution rectangle.

In the condition of the fixed array spacing, we assume that DOAs
ping at array from DOA [0, 7/2]. When DOA changes from 0 to /2,
the spatial sampling interval kd sin 6 changes, as shown in Fig. 1. When
DOA is small, the spatial sampling interval is small and the spatial
resolution is high (Fig. 1(a)). When DOA is large, the spatial sampling
interval is large and the spatial resolution is low (Fig. 1(b)). Therefore,
different DOAs correspond to different spatial resolutions in the fixed
array spacing. Assume that DOA is different; then the resolution is
different. When the DOA increase between [0, /2], its resolution
degrades, which is shown in Fig. 2. Hence, the received signal of
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array antenna is regarded as the addition of multi-resolution signals.
If the received signal is under wavelet pack transform, the different
resolutions can be detected through wavelet packet decomposition;
thus the detection of the different DOA signals can be implemented.

3. WAVELET PACKET TRANSFORM-BASED LMS
BEAMFORMER

An illustration of the wavelet packet transform-based LMS adaptive
beamforming is shown in Fig. 3. First, the wavelet packet transform
is made, secondly reduce dimension is processed, and then the LMS
algorithm is employed to implement the adaptive beamforming.

wavelet packet | Y(M) | reduce | z(n) Y(n)

x(n)
transform *| dimension LMS

Figure 3. Wavelet packet transform-based LMS adaptive beam-
former.

3.1. Wavelet Packet Transform

Wavelet packet has the ability to further decompose the wavelet space
as follows:

Vo=View,=UaU=U0UsaUso U
= =UoUL®...0U ! (2)

where Vy is the signal space; V1 and W1 are the approximation and

detail of Vy, respectively; US, Uy, ..., UJQ\,N_1 are the subspaces of V;
N is decomposition series.

The wavelet packet decomposition for N = 3 is shown in Fig. 4.

In order to analyze the wavelet packet transform characteristic, the
orthogonal matrices of wavelet packet transform are derived according
to the lowpass filter and highpass filter of wavelet. The lowpass
filer and highpass filter of the wavelet packet transform are h =
[ho, hi,y..., hon—1] and g = [g0, 91, --,92n—1], respectively. The filter
tag length is 2/N. For simplicity N is supposed to be integer exponent 2.

When 1 < i < J —logy 2N + 1, the 27771 x 27771 matrix W;
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Figure 4. Wavelet packet decomposition.

for the i-th series wavelet decomposition is

T Ay - hono1 0 e 0 hg - hy_y]
hn—2 -+ hon—3 hony—2 --- O O --- hy_3
W, =| hyso - 0 0 o hy he oo hya (3)
gN  r GaN-1 O - 0 go - gn—2
LgN+2 - 0 0 g1 g2 ot gN+1

where the number of 0 in every row is 2771 — 2N . ' '
Similarly, when J — logs 2N + 1 < i < J, the 2771 x2/-i+1
orthogonal matrix W for the i-th series wavelet decomposition is

r / / / i / -
hO hl h2 U h’2J71+1_2 h2J71+1_1
/ / / / /
h2.1—1+1_2 h2.]—1+1_1 h() te h2.]—1+1_4 h’2J—I+1_3
o / / / / /
W,; = 5 A /REE hly h (4)
/ / / / ’
90 91 92 0 Ggu-1t1_9 Yos-141_4
/ / / / /
L 92 93 gg 90 91 J
where Ry, = hpm + hos-rt1iy + 0+ hoy_or ity G = gm T+

o141 4yt T GoN_9i—T+14 4, 0 <M < 27—t
It is proved that W; is also an orthogonal matrix.
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The 27 x27 matrix Wy for the J series wavelet decomposition and
the 27 x 27 matrix Wp for the J series wavelet packet decomposition
are as follow:

"W, 0 0 - 0

W = 0 ! . O ><...><{Vg2 (I)]XW1 (5)
0 0 0 I
"W, 0 0 - 0

woo| 0w o cox W ]xws )
0 0 0 - W,

It is proved that W and W p are orthogonal matrices.

3.2. Reduce Dimension and Denoise

Different DOAs correspond to different spatial resolutions, and the
useful signal is in low frequency part. We think the high frequency
part in the wavelet packet transform signal includes the noise, and
we can remove high frequency part for the wavelet packet transform
signal, and that is also called reduce-dimension. The reduce-dimension
for the he wavelet packet transform signal is to denoise and reduce the
complexity of LMS algorithm. In general, we reduce dimension into
half of it. Reduce dimension will be reduce the algorithm complexity.

3.3. Wavelet Packet Transform-based LMS Adaptive
Beamformer

Perform wavelet packet transform for the received signal x. The
transformed signal is denoted by

y(n) = Wpx(n) (7)

y(n) is a vector with M x 1, the wavelet packet transform signal.
We reduce dimension for the wavelet packet transform signal

z(n) = Py(n) (8)

where P is reduce-dimension matrix.
LMS algorithm is used

r(n) = v'(n)z(n) (9)
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where v is the weighed vector of LMS algorithm; r is the output signal
of LMS. The error in the nth iteration is shown

e(n) =d(n) —r(n) (10)
where d(n) is the training sequence; e is the error.
v(n+1) =v(n) + 2ae(n)r*(n) (11)

where a is the learning step.

4. ALGORITHM PERFORMANCE ANALYSIS

4.1. Optimal Solution

The cross-correlation vector P, between the desired signal and the
wavelet packet transform signal is

P, = E(d(n)y(n)) = E(dn)Wpx(n) = WpP,  (12)

where P, is the cross-correlation between the input signal x(n) and
desired signal.

The autocorrelation matrix R, of the wavelet packet transform
signal is

R, = E (y(n)y(m)") = E(Wpx(n)x(n)'Wp) = WpR,Wp (13)

where R, is the autocorrelation matrix of input signal x(n). Then,
the wiener optimal solution of wavelet packet domain beamforming is

Vot = R,'P, =R, 'WpP,
= R,'WR.R,'P, =R, "WpR,Woy (14)

where wpt is the time domain beamforming Wiener solution.
The minimal mean square error (MSE) of wavelet packet domain
beamforming is

ehin = B ((n)) = PIR;'P, = E (d*(n)) - PR, 'WpP,

min
T

= emin — P/ (WpR,'Wp —R;1) P, (15)

where ey, is the time domain LMS minimal mean square error.
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4.2. Convergence Analysis

The algorithm convergence speed is determined by the ratio of maximal
eigenvalue to minimal eigenvalue Apax/Amin. The convergence speed
becomes faster with the reduction of Ayax/Amin. According to Ref. [29],
the autocorrelation matrix of the orthogonal transform signal has a
diagonal tendency, and the remarkable decrease in Apax/Amin results
in the improvement of convergence performance of the algorithm.

Assume the input signal is a real signal x(n) and its
autocorrelation matrix is R;;, and the autocorrelation matrix of
wavelet packet transform signal y(n) is Ry,. Then, R,, and Ry,
are real symmetrical matrices, and the orthogonal matrices Q, and
Q, exist, such that

R:m: = Qa:AxQ;17 Ryy = QyAlejl (16)

where A, and A, are eigenvalue diagonal matrices of R;; and Ry,
respectively.
According to Eq. (7)

Ryy = QyAngjl =F [Y(n)yT(n)}

= E[WpX(n)X"(n)W}| = WpR,, W} (17)
So we get
Ryy = QyAqujl = WPQxAnglwg (18)
Ay = QIWpQ.A,Q,'WHQ, = AA AT (19)
where
A= QZWPQx (20)

According to Eq. (19), we have
N
A=Y apX, k=12,....N (21)
i=1

where )\Z and A are the eigenvalues of R;, and R, respectively; ag;
is element (k,7) of A.

It is seen that eigenvalue A} is related to W p closely. The following
conclusions are made according to characteristics of orthogonal
matrices W and W p:

(1) Different wavelet bases correspond to different orthogonal matri-
ces, which lead to different eigenvalue distribution. Therefore,
different wavelet bases lead to different convergence performances
of wavelet packet transform-based adaptive beamforming.
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(2) With wavelet packet decomposition series increasing, the
autocorrelation matrix of wavelet packet transform signal has the
further diagonal tendency, so the convergence performance of our
proposed algorithm is improved.

(3) When the decomposition series are the same, wavelet packet
transform based beamforming algorithm has a better convergence
than wavelet transform based beamforming algorithm. (This will
be demonstrated experimentally in Section 5).

4.3. Complexity Analysis

This beamforming algorithm uses wavelet packet transform as the
preprocessing, and then wavelet packet transform signal uses LMS
algorithm to implement the adaptive beamforming. Using wavelet
packet transform requires an extra but small computation. Suppose
that the number of antennas is M, and the decomposition series
is J. The computational complexity of wavelet packet transform is
O(JM logy M). The computational complexity of a conventional LMS
iteration is O(2M). When M = 32, J = 3, the computational
complexity of wavelet packet transform is equivalent to several
iterations of LMS. Our proposed adaptive beamforming algorithm uses
the reduce-dimension technique to reduce the complexity. The reduced
dimension is M /2, so and the computational complexity of LMS in our
proposed algorithm is O(M). The autocorrelation matrix of wavelet
packet transform signal has the diagonal tendency, which leads to a
quick convergence speed of LMS. Our proposed algorithm has the low
complexity, and it can be easy to implement.

5. SIMULATION RESULTS

We present simulations to test the performance of wavelet packet
transform-based adaptive beamforming algorithm. The 32-element-
uniform-linear array with spacing A/2 is used in the simulation. The
array antenna receives 6 signals with different DOAs of 10°, 20°, 30°,
40°, 50° and 60°, respectively. The DOA of the expected signal is
30°, and Daubechies wavelet base series is chosen. We use MATLAB
software and computer with Pentium 4, CPU 3.2 GHz, memory 504 Mb
as simulation environment. For our proposed algorithm with SNR=20
and 600 iterations, our proposed algorithm method requires 12s.
Simulation 1.  Wavelet Packet transform-based Adaptive
BeamForming algorithm (WP-ABF) is compared with Wavelet
Transform based Adaptive BeamForming (WT-ABF) and LMS
Adaptive BeamForming algorithm (LMS-ABF), respectively. dbb is
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Figure 7. Beamforming perfor- Figure 8. Convergence compar-
mance comparison. ison under different composition
series.

chosen as the wavelet base, and decomposition series is 4. The
simulation results are shown in Fig. 5-Fig. 7. Different algorithms
are compared without noise in Fig. 5 and with SNR =20 in Fig. 6.
From Fig. 5 and Fig. 6, we find that WP-ABF algorithm has much
better convergence performance than WT-ABF, and the convergence
performance of LMS-ABF is the worst among the three algorithms.
Different algorithm beamforming performances with 200 iterations are
shown in Fig. 7; it is seen that WP-ABF has lower sidelobe and better
beamforming performance than LMS-ABF.

Simulation 2. The effect of different series under the same
wavelet base on the convergence speed of WP-ABF is studied. db3 is
chosen as the wavelet base. The simulation results are shown in Fig. 8,
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Figure 9. Convergence comparison under different wavelet bases.

from which we find that the convergence performance of the algorithm
becomes better with series increasing. That is because the wavelet
packet transform signal correlation decreases with series increasing.

Simulation 3. The effect of different wavelet bases on the
convergence speed of WP-ABF under the same series is investigated.
Daubechies wavelet base series, including dbl, db3, db5 and db8, are
chosen. Simulation results are shown in Fig. 9. It is seen that db8
has the best convergence performance among the four wavelet bases,
dbb is better than db3, and db3 is better than dbl. That is because
the convergence performance gets better with wavelet base regularity
increasing. Among the four wavelet bases, db8, which has the highest
regularity, is the best in convergence performance; and dbl, which has
the worst regularity, has the lowest convergence performance.

6. CONCLUSIONS

A low complexity wavelet packet transform-based LMS adaptive
beamforming algorithm is presented. Theoretical analysis and
simulations demonstrate that this algorithm converges faster than the
conventional LMS adaptive beamforming algorithm and the wavelet
transform-based beamforming algorithm. The convergence of the
algorithm is closely related to wavelet base and series: the convergence
gets better with the increasing of series, and under the same series
of wavelet base the convergence gets better with the increasing of
regularity. Our proposed algorithm has the low complexity, and it
can be easy to implement.



302 Zhang, Wang, and Xu
ACKNOWLEDGMENT

This work is supported by China NSF Grants (60801052) and Jiangsu
NSF Grants (BK2007192). The authors wish to thank the anonymous
reviewers for their valuable suggestions on improving this paper.

REFERENCES

1. Qu, Y., G. Liao, S.-Q. Zhu, and X.-Y. Liu, “Pattern synthesis of
planar antenna array via convex optimization for airborne forward
looking radar,” Progress In Electromagnetics Research, PIER 84,
1-10, 2008.

2. Yang, Y., Y. Wang, and A. E. Fathy, “Design of compact vivaldi
antenna arrays for UWB see through wall applications,” Progress
In Electromagnetics Research, PIER 82, 401-418, 2008.

3. Guney, K. and M. Onay, “Amplitude-only pattern nulling of
linear antenna arrays with the use of bees algorithm,” Progress
In Electromagnetics Research, PIER 70, 21-36, 2007.

4. Liang, L., B. Li, S.-H. Liu, and C.-H. Liang, “A study of using
the double negative structure to enhance the gain of rectangu-
lar waveguide antenna arrays,” Progress In Electromagnetics Re-
search, PIER 65, 275-286, 2006.

5. Abouda, A., H. M. El-Sallabi, and S. G. Haggman, “Effect
of antenna array geometry and ULA azimuthal orientation on

MIMO channel properties in urban city street grid,” Progress In
Electromagnetics Research, PIER 64, 257-278, 2006.

6. Mouhamadou, M., P. Vaudon, and M. Rammal, “Smart
antenna array patterns synthesis: Null steering and multi-user
beamforming by phase control,” Progress In FElectromagnetics
Research, PIER 60, 95-106, 2006.

7. Dessouky, M. I., H. A. Sharshar, and Y. A. Albagory, “A novel
tapered beamforming window for uniform concentric circular

arrays,” Journal of Electromagnetic Waves and Applications,
Vol. 20, No. 14, 2077-2089, 2006.

8. Guo, B., Y. Wang, J. Li, et al., “Microwave imaging via adaptive
beamforming methods for breast cancer detection,” Journal of
Electromagnetic Waves and Applications, Vol. 20, No. 1, 53-63,
2006.

9. Jeong, Y.-S. and J.-H. Lee, “Estimation of time delay using
conventional beamforming-based algorithm for UWB systems,”
Journal of FElectromagnetic Waves and Applications, Vol. 21,
No. 15, 2413-2420, 2007.



Progress In Electromagnetics Research, PIER 86, 2008 303

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Dessouky, M. 1., H. A. Sharshar, and Y. A. Albagory, “Improving
the cellular coverage from a high altitude platform by novel
tapered beamforming technique,” Journal of FElectromagnetic
Waves and Applications, Vol. 21, No. 13, 1721-1731, 2007.

Babayigit, B., A. Akdagli, and K. Guney, “A clonal selection
algorithm for null synthesizing of linear antenna arrays by
amplitude control,” Journal of FElectromagnetic Waves and
Applications, Vol. 20, No. 8, 1007-1020, 2006.
Naghshvarian-Jahromi, M., “Novel Ku band fan beam reflector
back array antenna,” PIER Letters, Vol. 3, 95-103, 2008.

Van Veen, B. D. and K. M. Buckley, “Beamforming: A versatile
approach to spatial filtering,” IEEE ASSP Magazine, Vol. 5, No. 2,
4-24, 1988.

Lee, J. C., “Performance of transform domain LMS adaptive
digital filters,” IEEE Trans. on ASSP, Vol. 34, No. 2, 499-510,
1986.

Wang, J. F. and G. X. Song, “Wavelet transformed adaptive
equalization algorithm,” Journal of Xidian University, Vol. 27,
No. 1, 21-24, 2000.

Zhang, X. F. and D. Z. Xu, “Frequency domain LMS based
adaptive beamforming algorithm,” Chinese Space Science and
Technology, Vol. 2, 41-46, 2005.

Zhang, X. F. and D. Z. Xu, “A novel frequency domain adaptive
beamforming algorithm,” Acta Armamentarii, Vol. 27, No. 3, 428—
431, 2006.

Hosour, S. and A. H. Tewfik, “Wavelet transform domain adaptive
filtering,” IEEE Trans. Signal Processing, Vol. 45, No. 3, 617-630,
1997.

Zhang, X. F., D. Z. Xu, and Z. F. Qi, “A study of singular signal
detection based on wavelet transform,” System Engineering and
Electronic, Vol. 25, No. 7, 814-816, 2003.

Zhang, X. F., D. Z. Xu, and Z. F. Qi, “Algorithm of denoising
based on mode max wavelet field,” Journal of Data Acquisition
and Processing, Vol. 18, No. 3, 315-318, 2003.

Tewfik, A. H. and M. Kim, “Fast positive definite linear system
solvers,” IEEFE Trans. Signal Processing, Vol. 42, No. 3, 572-585,
1994.

Zhang, X. F. and D. Z. Xu, “Improved adaptive beamforming
algorithm based on wavelet transform,” 2006 International Con-
ference on Communications, Circuits and Systems Proceedings,
Vol. 1, 303-306, 2006.



304

23.

24.

25.

26.

27.

28.

29.

Zhang, Wang, and Xu

Zhang, X. F. and D. Z. Xu, “Wavelet domain adaptive
beamforming algorithm,” Astronautica Sinica, Vol. 26, No. 1, 98—
102, 2005.

Chu, Y., “Two-dimensional wavelet-based generalized sidelobe
canceller with subband selection scheme,” IEEE Trans. Antennas
Propagat., Vol. 52, 3401-3405, 2004.

Chu, Y., “Performance analysis of the wavelet-based generalized
sidelobe canceller in the presence of random steering errors,”
IEICE Trans. Communications, Vol. E87-B, 2783-2790, 2004.
Chu, Y. and W.-H. Fang, “Performance analysis of a wavelet-
based generalized sidelobe canceller,” IEEE Trans. Antennas
Propagat., Vol. 51, 519-534, Mar. 2003.

Zhao, X. Z., T. J. Chen, B. Y. Ye, et al., “Denoising algorithm
based on convolution type of wavelet packet transformation,”
Journal of Data Acquisition & Processing, Vol. 18, No. 3, 292—
295, 2003.

Xu, W. and W. K. Stewart, “Multiresolution-signal direction of
arrival estimation: A wavelets approach,” IEEFE Trans. on Signal
Processing Letters, Vol. 7, No. 3, 66—68, 2000.

Huang, K. and R. Lv, “Adaptive equalization algorithm based

on wavelet packet transform,” ACTA Electronics Sinica, Vol. 31,
No. 8, 1205-1208, 2003.



