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A maximum energy approach is investigated in this paper to design fixed wideband beamformer. This approach has been
improved by integrating response variation (RV) into the target function to maintain the frequency invariant property of wideband
beamformer over the whole passband. Two methods for designing null to suppress interference signal also have been proposed to
make the wideband beamformer robust in complicated environment. Comparisons among other methods are provided to illustrate
the effectiveness and enhancement of performance of the new approaches.

1. Introduction

The term beamforming is derived from early spatial filters
that were designed for beams in order to receive a signal
radiated from a specific location and attenuate others from
other locations [1, 2]. Beamforming is widely adopted by sig-
nal processing of radar, sonar, communication, seismology,
geophysics, and so on [3–7].

Wideband beamforming has attracted increasing atten-
tions in recent years because of the advantages of wideband
signal such as larger channel capacity. Wideband beamform-
ing can be achievedmainly through two approaches: adaptive
wideband beamforming and fixed wideband beamformer.
Fixed wideband beamformer directly constrains the response
of beamformer, and the beam pattern is constant once set.
Three approaches are mainly adopted to design the fixed
wideband beamformer: iterative optimization, least square
approach, and eigenfilter approach [2]. Eigenfilter approach is
efficient because no matrix inversion (least square approach)
or iteration (iterative optimization) is required during the
optimization.

Eigenfilter is a filter whose coefficients are the elements
of an eigenvector. It was first proposed to design digital filters
and then extended to the design of beamformer [8]. In [9],
fixed wideband beamformer was achieved bymaximizing the

ratio of mainlobe’s energy to sidelobe’s energy through eigen-
filter approach. It can also be achieved by minimizing total
least squares error between reference response and responses
over wide passband, both in near field and in far field [9, 10].

All the methods above have not discussed the design of
null for interference, which is of great importance for beam-
former to get a good result in complicated environment with
inferences. The width of mainlobe varies over the passband.
It will produce distortion if the signal is not coming from the
main direction. Response variation (RV) was introduced in
[11–14] to maintain a good frequency invariant property in
wideband beamforming.

An improved maximum energy approach is proposed to
design fixed wideband beamformer. In this approach, RV is
integrated into the target functionwith a trade-off coefficient,
which makes it possible to get a good frequency invariant
property and constrain the beamformer’s response directly
at reference frequency simultaneously. Two methods for null
designing are discussed: linear constraint approach and null’s
expanded energy approach. Both methods are transformed
into a standard maximum energy problem and can be solved
through a generalized vector approach.

The outline of the paper is as follows.
In Section 1, a brief introduction about the wideband

beamforming is made.
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In the next section, a TDL (Tapped Delay Line) structure
and beam patterns are described. The standard maximum
energy problem and generalized vector approach are also
discussed in this section.

In Section 3, we will describe the method we proposed
with improved target function and simplified constraint. Two
methods for designing null are shown as well, both of which
can be casted into a standard maximum energy problem.

The methods are tested in Section 4. The results demon-
strate the effectiveness of the proposed methods compared
with other methods.

2. Wideband Beamforming through Maximum
Energy Approach

2.1. Wideband Beamforming Model with TDL Structure. A
TDL structure is shown in Figure 1, where there is a linear
array that consists of𝑀 sensors with a 𝐽 order FIR connecting
to each of them.

The symbol “△” in the structure represents a TDL unit
which produces a delay of 𝜏, which has been set to sampling
time 𝑇

𝑠
for simplicity.

The output of this TDL structure can be expressed as
follows:

𝑦 (𝑡) = w𝐻x (𝑡) , (1)
where

w = [𝑤
0,0
, . . . , 𝑤

𝑀−1,𝐽−1
]
𝑇

x (𝑡) = [𝑥
0
(𝑡) , . . . , 𝑥

𝑀−1
(𝑡) , 𝑥
0
(𝑡 − 𝑇

𝑠
) , . . . ,

𝑥
𝑀−1

(𝑡 − (𝐽 − 1) 𝑇
𝑠
)]
𝑇

,

(2)

wherew is𝑀𝐽×1weight vector and x(𝑡) is the received signal
through TDL structure.

We denote the received signal at the first sensor by 𝑥
0
(𝑡).

It can be represented as an inverse Fourier transformation
within the bandwidth [𝜔

𝑙
, 𝜔
ℎ
]:

𝑥
0
(𝑡) =

1

2𝜋
∫

𝜔ℎ

𝜔𝑙

𝑋
0
(𝜔) 𝑒
𝑗𝜔𝑡

𝑑𝜔. (3)

Thus, the signal at 𝑚th and 𝑖th unit of the TDL structure
can be represented as

𝑥
𝑚,𝑖
(𝑡) =

1

2𝜋
∫

𝜔ℎ

𝜔𝑙

𝑋
0
(𝜔) 𝑒
𝑗𝜔(𝑡−(𝜏𝑚+𝑖𝑇𝑠))𝑑𝜔. (4)

Hence, (1) can be derived in a new form:

𝑦 (𝑡) =
1

2𝜋
∫

𝜔ℎ

𝜔𝑙

𝑋
0
(𝜔) 𝑒
𝑗𝜔𝑡

𝑀−1

∑
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∑

𝑖=0

𝑒
−𝑗𝜔(𝜏𝑚+𝑖𝑇𝑠)𝑤

∗

𝑚,𝑖
𝑑𝜔

=
1

2𝜋
∫

𝜔ℎ

𝜔𝑙

𝑋
0
(𝜔) 𝑒
𝑗𝜔𝑡

𝑃 (𝜃, 𝜔) 𝑑𝜔,

(5)

where 𝑃(𝜃, 𝜔) is the response of the beamformer and is
expressed as

𝑃 (𝜔, 𝜃) =

𝑀−1

∑

𝑚=0

𝐽−1

∑

𝑖=0

𝑒
−𝑗𝜔(𝜏𝑚+𝑖𝑇𝑠)𝑤

∗

𝑚,𝑖
= w𝐻a (𝜔, 𝜃) , (6)
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Figure 1: Structure of TDL.

where a(𝜔, 𝜃) is the steering vector of the TDL structure; that
is,

a (𝜔, 𝜃) = [𝑒−𝑗𝜔𝜏0 , . . . , 𝑒−𝑗𝜔𝜏𝑀−1 , 𝑒−𝑗𝜔(𝜏0+𝑇𝑠), . . . ,

𝑒
−𝑗𝜔(𝜏𝑀−1+(𝐽−1)𝑇𝑠)]

𝑇

,

(7)

where 𝜔 is the frequency and 𝜃 is the arriving direction of the
signal. 𝜏

0
, 𝜏
1
, . . . , 𝜏

𝑀−1
is the time delay in the array, which

can be computed through 𝜏
𝑚
= 𝑚𝑑 × sin(𝜃)/𝑐, where 𝑚 =

0, . . . ,𝑀 − 1 and 𝑐 is the speed of light.
For fixed wideband beamformer,𝑃(𝜔, 𝜃) is only related to

the weight vector and steering vector of the array.

2.2. Maximum Energy Approach. Maximum energy ap-
proach can provide a closed-form solution to the fixed
wideband beamformer and it is computationally efficient
because no matrix inversion is involved.

Given aHermitianmatrixR and a positive definitematrix
B, generalized Rayleigh ratio is described as

w𝐻Rw
w𝐻Bw

. (8)

Equation (8) reaches its maximum when w is the general-
ized eigenvector corresponding to the maximum generalized
eigenvalue of matrix pair R and B, Rw = 𝜆maxBw, and
reaches its minimum when w is the generalized eigenvector
corresponding to the minimum generalized eigenvalue of
matrix pair R and B, Rw = 𝜆minBw.

According to the property of (8), the design of fixed
wideband beamformer can be implemented by maximizing
the Rayleigh ratio of beamformer’s energy on angle range of
interest to the energy over the whole direction area on the
passband. For simplification, the angle range of interest is
referred to as mainlobe in the paper, and the angle range that
is not of interest is referred to as sidelobe. Hence,

max
w

∫
ΩPB
∫
ΘML


w𝐻a (𝜔, 𝜃)

2

𝑑𝜃 𝑑𝜔

∫
ΩPB
∫
Θ

w𝐻a (𝜔, 𝜃)


2

𝑑𝜃 𝑑𝜔

. (9)
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In (9), the numerator is the energy of the beamformer
on mainlobe ΘML on passband ΩPB and the denominator
represents the beamformer’s energy over the whole angle
region Θ onΩPB.

A variation of (9) is achieved by replacing the beam-
former’s energy over whole direction area with the energy
only on sidelobe:

max
w

∫
ΩPB
∫
ΘML


w𝐻a (𝜔, 𝜃)

2

𝑑𝜃 𝑑𝜔

∫
ΩPB
∫
ΘSL

w𝐻a (𝜔, 𝜃)


2

𝑑𝜃 𝑑𝜔

, (10)

which is equivalent to

max
w

w𝐻AMLw
w𝐻ASLw

, (11)

where

AML = ∫
ΩPB

∫
ΘML

a (𝜔, 𝜃) a (𝜔, 𝜃)𝐻 𝑑𝜃 𝑑𝜔

ASL = ∫
ΩPB

∫
ΘSL

a (𝜔, 𝜃) a (𝜔, 𝜃)𝐻 𝑑𝜃 𝑑𝜔.
(12)

Maximum energy approach does not guarantee a smooth
constant response over different frequencies [2]. Linear con-
straints C𝐻w = f can be added to get a smooth response
at mainlobe by directly constraining the response of the
beamformer over different frequencies [2]. C is 𝑁𝐽 × 𝐽
constraint matrix and f is the 𝐽 × 1 response vector.Thus, (11)
becomes

max
w

w𝐻AMLw
w𝐻ASLw

subject to C𝐻w = f .

(13)

Equation (13) can be transformed into another form:

max
ŵ

ŵ𝐻ÂMLŵ
ŵ𝐻ÂSLŵ

subject to Ĉ𝐻ŵ = 0,

(14)

where

ŵ = [w𝐻, −1]
𝐻

,

ÂML = [
AML 0
0 0

] ,

ÂSL = [
ASL 0
0 0

] ,

Ĉ = [C𝐻 f]
𝐻

.

(15)

It is shown in the constraint of (14) that ŵ locates in
the null space of Ĉ. Equation (14) can be transformed into a
standard maximum energy problem by introducing a matrix

Z whose columns are the bases of the null space of Ĉ and it
satisfies ŵ = Zw̃. Hence,

max
ŵ

w̃𝐻Z𝐻ÂMLZw̃
w̃𝐻Z𝐻ÂSLZw̃

. (16)

Equation (16) is a standard maximum energy problem and
can be solved through generalized vector approach. Aswe can
see in the first equation in (15), the first𝑀𝐽 elements of ŵ can
be regarded as w only when the last element of ŵ has been
scaled to −1.

3. Improved Maximum Energy Approach

3.1. Maximum Energy Approach with Response Variation. RV
describes the Euclidean distance between responses at ref-
erence frequency and responses at other frequencies within
whole angle-frequency region of interest.

In [11–14, 16], a general form of RV is defined:

RV = ∫
ΩPB

∫
Θ


w𝐻a (𝜔, 𝜃) − w𝐻a (𝜔

𝑟
, 𝜃)


2

𝑑𝜃 𝑑𝜔

= w𝐻ARVw,
(17)

where

ARV = ∫
ΩPB

∫
Θ

(a (𝜔, 𝜃) − a (𝜔
𝑟
, 𝜃))

⋅ (a (𝜔, 𝜃) − a (𝜔
𝑟
, 𝜃))
𝐻

𝑑𝜃 𝑑𝜔,

(18)

where Θ represents the range of angles RV measured.
The introduction of RV factor makes it possible to

constrain response directly on the reference frequency. The
energy of mainlobe and sidelobe also can be simplified as
follows:

w𝐻a (𝜔
𝑟
, 𝜃
𝑑
) = 1 (19)

AMLr = ∫
ΘML

a (𝜔
𝑟
, 𝜃) a (𝜔

𝑟
, 𝜃)
𝐻

𝑑𝜃 (20)

ASLr = ∫
ΘSL

a (𝜔
𝑟
, 𝜃) a (𝜔

𝑟
, 𝜃)
𝐻

𝑑𝜃. (21)

Equation (19) constrains the response of beamformer at
looking direction 𝜃

𝑑
without distortion.

Equation (13) can be transformed into a new form with
RV and new constraint:

max
w

w𝐻AMLrw
w𝐻 (ASLr + 𝛼ARV)w

subject to w𝐻a (𝜔
𝑟
, 𝜃
𝑑
) = 1,

(22)

where 𝛼 is a positive trade-off coefficient, usually larger
than 1, affecting the frequency invariant (FI) property. The
beamformer will achieve better FI property with larger 𝛼.
However, if the value of 𝛼 is too large, the whole beam
patterns will be degraded.
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Equation (22) can be transformed into a similar form to
(14):

max
w

ŵ𝐻ÂMLrŵ
ŵ𝐻ÂSRrŵ

subject to Ĉ𝐻ŵ = 0,

(23)

where

Ĉ = [
a (𝜔
𝑟
, 𝜃
𝑑
)

1
] ,

ÂMLr = [
AMLr 0
0 0

] ,

ÂSRr = [
(ASLr + 𝛼ARV) 0

0 0
] ,

ŵ = [w𝐻 −1]
𝐻

.

(24)

Similarly, (23) can be transformed into a new standard
maximum energy problem:

max
ŵ

w̃𝐻Z𝐻ÂMLrZw̃
w̃𝐻Z𝐻ÂSRrZw̃

. (25)

Equation (25) reaches itsmaximumwhen w̃ is the generalized
eigenvector corresponding to the largest generalized eigen-
value of matrix pair Z𝐻ÂMLZ and Z𝐻ÂSRZ.

3.2. Design of Null Point

3.2.1. Design of Null with Linear Constraint on Null’s Response.
Null can be generated by directly imposing a constraint at
interference angle 𝜃

𝑖
at reference frequency 𝜔

𝑟
:

w𝐻a (𝜔
𝑟
, 𝜃
𝑖
) = 𝜀, (26)

where 𝜀 is a small positive value, usually smaller than 1, of
the response at null point. Null’s response in decibels can be
computed through −20 lg 𝜀 dB.

With this constraint, (22) is rewritten as

max
w

w𝐻AMLrw
w𝐻 (ASLr + 𝛼ARV)w

subject to w𝐻a (𝜔
𝑟
, 𝜃
𝑑
) = 1

w𝐻a (𝜔
𝑟
, 𝜃
𝑖
) = 𝜀.

(27)

Hence, (27) can be transformed into a similar form to (14):

max
w

ŵ𝐻ÂMLrŵ
ŵ𝐻ÂSRrŵ

subject to Ĉ𝐻ŵ = 0,

(28)

where

Ĉ = [
a (𝜔
𝑟
, 𝜃
𝑑
) a (𝜔

𝑟
, 𝜃
𝑖
)

1 𝜀
] ,

ÂMLr = [
AMLr 0
0 0

] ,

ÂSRr = [
(ASLr + 𝛼ARV) 0

0 0
] ,

ŵ = [w𝐻 −1]
𝐻

.

(29)

And (28) changes into an unconstrained form by introducing
a matrix Z which satisfies ŵ = Zw̃:

max
ŵ

w̃𝐻Z𝐻ÂMLrZw̃
w̃𝐻Z𝐻ÂSRrZw̃

. (30)

Equation (30) is a standard maximum energy problem and
reaches its maximum when w̃ is the generalized eigenvector
corresponding to the largest generalized eigenvalue of matrix
pair Z𝐻ÂMLrZ and Z𝐻ÂSRrZ.

3.2.2. Design of Null with Expanded Null’s Energy. Null’s
energy at reference frequency is defined as

∫
ΘNL


w𝐻a (𝜔

𝑟
, 𝜃)


2

𝑑𝜃 = w𝐻ANLrw

ANLr = ∫
ΘNL

a (𝜔
𝑟
, 𝜃) a (𝜔

𝑟
, 𝜃)
𝐻

𝑑𝜃.

(31)

Null is designed for interference, which usually locates in
sidelobe: ΘNL ⊂ ΘSL.

Then, (22) changes to a new form by replacing ASLr with
ASLr + 𝛽ANLr:

max
w

w𝐻AMLrw
w𝐻 (ASLr + 𝛽ANLr + 𝛼ARV)w

subject to w𝐻a (𝜔
𝑟
, 𝜃
𝑑
) = 1,

(32)

where 𝛽 is the expansion coefficient which is also a large
positive value used to expand null’s energy in target function.
Commonly, null is lower with larger 𝛽. The value of 𝛽 is
related to the actual beamformer, usually bigger than 1000 for
a null low enough.

Thus, (32) can be transformed into a new form like (14):

max
w

ŵ𝐻ÂMLrŵ
ŵ𝐻ÂSRNrŵ

subject to Ĉ𝐻ŵ = 0,

(33)
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where

Ĉ = [
a (𝜔
𝑟
, 𝜃
𝑑
)

1
] ,

ÂMLr = [
AMLr 0
0 0

] ,

ÂSRNr = [
(ASLr + 𝛽ANLr + 𝛼ARV) 0

0 0
] ,

ŵ = [w𝐻 −1]
𝐻

.

(34)

Similarly, (33) can be transformed into a standard maxi-
mum energy problem:

max
ŵ

w̃𝐻Z𝐻ÂMLrZw̃
w̃𝐻Z𝐻ÂSRNrZw̃

. (35)

Equation (35) reaches itsmaximumwhen w̃ is the generalized
eigenvector corresponding to the largest generalized eigen-
value of matrix pair Z𝐻ÂMLrZ and Z𝐻ÂSRNrZ.

4. Performance Analysis

In this section, wewill test and analyze the performance of the
methods proposed. The relative coefficients will be discussed
as well.

4.1. Experiment 1. The simulations are performed based on
the specifications as follows:

(i) A TDL structure with𝑀 = 14 and 𝐽 = 20 is adopted
during the simulation.

(ii) Half of the sampling frequency 𝑓
𝑠
has been scaled to

𝜋 and has been sampled to 64 narrow bands; the wide
passband is set as ΩPB = [0.5𝜋, 𝜋], and the reference
frequency is set as 𝜔

𝑟
= 0.7𝜋.

(iii) Space between elements is half of the wavelength
corresponding to the highest frequency of passband.

(iv) Desired signal is coming from 0
∘, the interference

signal comes from 50∘, and null is set to be [48∘, 52∘].
(v) Mainlobe is set as ΘML = [−15

∘

, 15
∘

] and sidelobe is
set to beΩSL = [−90

∘

, −20
∘

]∪[20
∘

, 90
∘

], and the whole
direction area is sampled every 1∘.

(vi) 𝛼 = 10 and 𝜀 = 10−4 in method 1; 𝛼 = 200 and 𝛽 =
9 × 10

4 in method 2.
(vii) To get a real-value w, all the matrices during the

computation are the real part of the original matrices.

Beamformer’s responses through the 2 proposedmethods
are shown in Figures 2 and 3, respectively.

Good beam patterns have been achieved with distortion-
less mainlobes point at 0∘ and nulls reach −80 dB or lower.

To illustrate the effectiveness of the proposed methods
described in (27) and (32), we compare themwith themethod
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Figure 2: Response of beamformer with proposed method 1.
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Figure 3: Response of beamformer with proposed method 2.

from [2, 15]. In [15], the design of wideband beamformer
was achieved through convex optimization. The weighting
function in [15] has been set as 𝐹(𝜔, 𝜃) = 1, 𝛿 = 1 × 10−6,
𝜀 = 10

−4.
We test these methods versus width of mainlobe over

passband, RV value of mainlobe, peak sidelobe level (SLL) of
the beam patterns averaged over passband, and suppression
values of null point.

The results are shown in Table 1.
The nulls generated by these four methods are con-

strained to −80 dB, which is very good suppression for
interference signal. It can be seen in Table 1 with RV taken
into consideration during the design of fixedwideband beam-
former that both the proposed methods and the method in
[15] achieved constant beam width and smaller RV; however,
the values through the proposed methods are smaller. The
SLL produced by the proposed methods are more than 10 dB
lower than those from the method in [2, 15], indicating better
suppression over the sidelobe region.
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Table 1: Evaluation of four methods.

Measurement Method in [2] Method in [15] Method 1 Method 2
Width of beam [−12∘, 11∘] [−10∘, 9∘] [−10∘, 9∘] [−10∘, 9∘]
RV of mainlobe 7.69 × 10

−3

3.27 × 10
−8

1.98 × 10
−10

3.96 × 10
−11

SLL (dB) −21.06 −27.03 −44.2 −38.21

Table 2: Evaluation of the two proposed methods with different 𝛼.

𝛼
Method 1 Method 2

RV SLL (dB) RV SLL (dB)
1 6.85 × 10−8 −45.21 1.75 × 10−7 −41.71
10 1.98 × 10−10 −44.2 2.21 × 10−9 −40.99
20 1.76 × 10−10 −44.04 6.60 × 10−10 −40.23
50 1.07 × 10−10 −43.37 7.61 × 10−10 −38.51
100 6.44 × 10−11 −42.69 4.04 × 10−11 −38.39
200 4.81 × 10−11 −42 3.69 × 10−11 −38.21
500 9.61 × 10−12 −40.55 3.17 × 10−11 −37.41
1000 1.81 × 10−12 −39.17 4.19 × 10−11 −37.52

In order to investigate how the RV and SLL change with
different 𝛼, more simulations have been implemented and the
results are shown in Table 2 (all the specifications stay the
same except for 𝛼).

As we mentioned previously, larger 𝛼 provide a small RV
(better frequency invariant property), but, at the same time,
SLL gets higher. One conclusion can be drawn from Table 2:
RVwill not keep decreasing with the increasing of 𝛼 (method
2; RV with 𝛼 = 1000 is larger than that with 𝛼 = 500). A good
beam pattern should be a balance between the RV and SLL
with an appropriate 𝛼.

4.2. Experiment 2. Wideband beamformer’s performance
decreases while the passband gets wider [2]. Wider passband
is discussed in this part to test the effectiveness of the pro-
posed methods. The specifications are described as follows:

(i) A TDL structure with𝑀 = 12 and 𝐽 = 12 is adopted
during the simulation.

(ii) Half of the sampling frequency 𝑓
𝑠
has been scaled to

𝜋 and has been sampled to 64 narrow bands; the wide
passband is set as ΩPB = [0.3𝜋, 𝜋], and the reference
frequency is set as 𝜔

𝑟
= 0.6𝜋.

(iii) Space between elements is half of the wavelength
corresponding to the highest frequency of passband.

(iv) Desired signal is coming from 10
∘, the interfer-

ence signal comes from −40
∘, and null is set to be

[−42
∘

, −38
∘

].
(v) Mainlobe is set asΘML = [−5

∘

, 25
∘

] and sidelobe is set
to be ΩSL = [−90

∘

, −10
∘

] ∪ [30
∘

, 90
∘

], and the whole
direction area is sampled every 1∘.

(vi) 𝛼 = 10 and 𝜀 = 10−3 in method 1; 𝛼 = 20 and 𝛽 =
5 × 10

3 in method 2.
(vii) To get a real-valuew, all the matrices during the com-

putation are the real part of the original matrices.
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Figure 4: Response of beamformer with proposed method 1.
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Figure 5: Response of beamformer with proposed method 2.

Beamformers’ responses through the 2 proposed meth-
ods are shown in Figures 4 and 5, respectively.

The beam patterns obtained are shown in Figures 4 and 5.
The mainlobes for both beam patterns are distortionless and
point at 10∘ as desired. All realized nulls are −60 dB or less.

Similarly, the proposed methods are compared with the
methods from [2, 15].Theweighting function in [15] has been
set as𝐹(𝜔, 𝜃) = 1, 𝛿 = 1×10−5, 𝜀 = 10−3.The results are shown
in Table 3.

All the nulls reach −60 dB. The performances of four
methods decrease whenwe compare Table 3 with Table 1, due
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Table 3: Evaluation of four methods.

Measurement Method in [2] Method in [15] Method 1 Method 2
Width of beam [−3∘, 22∘] [0∘, 19∘] [0∘, 19∘] [0∘, 19∘]
RV of mainlobe 6.11 × 10

−2

7.74 × 10
−7

2.31 × 10
−8

1.07 × 10
−10

SLL (dB) −18.21 −22.64 −30.24 −32.81

Table 4: Evaluation of the two proposed methods with different 𝛼.

𝛼
Method 1 Method 2

RV SLL (dB) RV SLL (dB)
1 8.31 × 10−8 −32.26 2.00 × 10−9 −34.67
10 2.31 × 10−8 −30.24 7.07 × 10−11 −32.48
20 1.64 × 10−8 −29.69 1.07 × 10−10 −32.81
50 1.42 × 10−8 −29 1.53 × 10−10 −32.1
100 1.86 × 10−8 −28.37 5.90 × 10−12 −31.14
200 9.99 × 10−9 −27.96 5.29 × 10−11 −31.36
500 2.50 × 10−9 −25.84 1.32 × 10−12 −29.85
1000 1.46 × 10−9 −24.87 1.42 × 10−12 −29.92

to the wider passband. But the results through the proposed
methods are still better than the rest. The mainlobes remain
constant over thewhole passband, the SLL aremore than 8 dB
lower than other methods, and RV through our methods is
smaller.

More simulations have been implemented to investigate
𝛼 and the results are shown in Table 4.

Similar to the previous discussion, RV decreases with the
increasing of 𝛼 which also causes an increase in SLL (not
strictly satisfied inmethod 2). A good choice of 𝛼 should take
both RV and SLL into consideration. One conclusion can be
drawn from Table 4: for a wider passband, using the second
method can achieve better beam patterns (smaller RV and
lower SLL).

5. Conclusion

In this paper, a fixed wideband beamformer designing
method based on maximum energy approach and RV has
been proposed and investigated, as well as two methods to
design null for interferences. Simulations show that good
frequency invariant property in mainlobes and stable nulls
for interference signal can be achieved through the proposed
methods and the sidelobe suppression with the proposed
methods is also lower.

Competing Interests

The authors declare that they have no competing interests.

References

[1] B. D. Van Veen and K. M. Buckley, “Beamforming: a versatile
approach to spatial filtering,” IEEE ASSPMagazine, vol. 5, no. 2,
pp. 4–24, 1988.

[2] W. Liu and S. Weiss, Wideband Beamforming—Concepts and
Techniques, John Wiley & Sons, 2010.

[3] M. Ström, M. Viberg, and K. Falk, “Robust transceiver design
for wideband MIMO radar utilizing a subarray antenna struc-
ture,” Signal Processing, vol. 93, no. 12, pp. 3541–3552, 2013.

[4] S. D. Somasundaram, “Wideband robust capon beamforming
for passive sonar,” IEEE Journal of Oceanic Engineering, vol. 38,
no. 2, pp. 308–322, 2013.

[5] Z. G. Feng, K. F. C. Yiu, and S. E. Nordholm, “Placement design
of microphone arrays in near-field broadband beamformers,”
IEEE Transactions on Signal Processing, vol. 60, no. 3, pp. 1195–
1204, 2012.

[6] S. Tanaka, A. Harada, M. Sawahashi, and F. Adachi, “Experi-
ments on coherent adaptive antenna array diversity for wide-
band DS-CDMA mobile radio,” IEEE Journal on Selected Areas
in Communications, vol. 18, no. 8, pp. 1495–1504, 2000.

[7] B. S. Huang, Y. L. Huang, P. L. Leu, and S. J. Lee, “Estimation
of the rupture velocity and fault length of the 2004 Sumatra–
Andaman earthquake using a dense broadband seismic array
in Taiwan,” Journal of Asian Earth Sciences, vol. 40, no. 3, pp.
762–769, 2011.

[8] J. Makhoul, “On the eigenvectors of symmetric Toeplitz matri-
ces,” IEEE Transactions on Acoustics, Speech, and Signal Process-
ing, vol. 29, no. 4, pp. 868–872, 1981.

[9] D. Korompis, K. Yao, and F. Lorenzelli, “Broadband maximum
energy array with user imposed spatial and frequency con-
straints,” in Proceedings of the IEEE International Conference on
Acoustics, Speech and Signal Processing (ICASSP ’94), vol. 4, pp.
529–532, Adelaide, Australia, April 1994.

[10] S. Doclo and M. Moonen, “Comparison of least-squares and
eigenfilter techniques for broadband beamforming,” in Proceed-
ings of the 3rd IEEE Benelux Signal Processing Symposium (SPS
’02), pp. 73–76, Leuven, Belgium, March 2002.

[11] W. Liu and S. Weiss, “Design of frequency invariant beam-
formers for broadband arrays,” IEEE Transactions on Signal
Processing, vol. 56, no. 2, pp. 855–860, 2008.

[12] H. Duan, B. P. Ng, C. M. S. See, and J. Fang, “Applications
of the SRV constraint in broadband pattern synthesis,” Signal
Processing, vol. 88, no. 4, pp. 1035–1045, 2008.

[13] Y. Zhao, W. Liu, and R. J. Langley, “Subband design of fixed
wideband beamformers based on the least squares approach,”
Signal Processing, vol. 91, no. 4, pp. 1060–1065, 2011.

[14] Y. Zhao, W. Liu, and R. J. Langley, “Application of the least
squares approach to fixed beamformer design with frequency-
invariant constraints,” IET Signal Processing, vol. 5, no. 3, pp.
281–291, 2011.

[15] Z. Fan and G.-L. Liang, “Broadband beamforming with mini-
mum sidelobe and constant beamwidth based on convex opti-
mization,” Acta Electronica Sinica, vol. 41, no. 5, pp. 943–948,
2013.

[16] S. Doclo and M. Moonen, “Design of far-field and near-field
broadband beamformers using eigenfilters,” Signal Processing,
vol. 83, no. 12, pp. 2641–2673, 2003.



International Journal of

Aerospace
Engineering
Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Robotics
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 Active and Passive  
Electronic Components

Control Science
and Engineering

Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

 International Journal of

 Rotating
Machinery

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation 
http://www.hindawi.com

 Journal ofEngineering
Volume 2014

Submit your manuscripts at
http://www.hindawi.com

VLSI Design

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Shock and Vibration

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Civil Engineering
Advances in

Acoustics and Vibration
Advances in

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Electrical and Computer 
Engineering

Journal of

Advances in
OptoElectronics

Hindawi Publishing Corporation 
http://www.hindawi.com

Volume 2014

The Scientific 
World Journal
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Sensors
Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Modelling & 
Simulation 
in Engineering
Hindawi Publishing Corporation 
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Chemical Engineering
International Journal of  Antennas and

Propagation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Navigation and 
 Observation

International Journal of

Hindawi Publishing Corporation
http://www.hindawi.com Volume 2014

Distributed
Sensor Networks

International Journal of


