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Abstract - This paper presents a method to generate antenna patterns for a Uniform Linear Array (ULA) having narrow beamwidth
and low sidelobe levels (SLL) using the recently proposed Modified FRM (ModFRM) architecture. This allows it to direct the beams to
specific ground cells for communications while mitigating inter-cell interference. The sharpness of the beam pattern defines the spatial
discriminating performance of a ULA beamformer, while the SLL dictates the interference and noise suppression capabilities. Typically, a
conventional ULA beamforming will demand high computational complexity and a large number of sensors to satisfy these requirements.
Hence to reduce the system cost, using the ModFRM technique a sparse array is developed. With this strategy, the total number of sensors
is drastically reduced compared to conventional ULA beamformers. The designed beamformers can be used in applications with stringent

requirements where cost and size are concerned.
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1. INTRODUCTION

Beamforming is one of the most common forms of
distinguishing different signals depending on their
physical location. Communication, sonar, radar, medi-
cal diagnostics, seismology, and speech acquisition for
teleconferencing are just a few examples of real-world
applications [1-3]. It is primarily used to identify the ex-
istence of the desired signal by filtering both interfer-
ence and noise signals. These requirements necessitate
beamformers with sharp beams having low sidelobes.
Tapered beamformers in [4] can fulfill these criteria, but
only with a trade-off between a narrow beam and a low
sidelobe level (SLL). Furthermore, specifying the main
beamwidth and SLL requirements is problematic for ta-
pered beamformers.

A beamformer can be considered a spatial filter that
processes sensor array outputs to generate the re-
quired beam (directivity) pattern [2]. Two sub-process-
es make up a spatial filtering operation: synchroniza-
tion and weight-and-sum. Although both processes
are essential in controlling the array beam pattern (the
synchronization part governs the steering direction
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and the weight-and-sum process governs the main
lobe beamwidth and sidelobe characteristics), the sec-
ond step is given more attention.

Among the various techniques, array beamformer
synthesis is closely associated with the design of digi-
tal finite-impulse-response (FIR) filters, in which the
tapped delay line is transformed by spatial delay, and
the filter length is proportional to the number of anten-
nas. The Uniform Linear Array (ULA) is the most widely
used array geometry because of its simplicity, superior
directivity, and realization of the narrow beamwidth in
a given direction [5,6]. In the ULA beamformer, the spa-
tially sampled sequences from each sensor are linearly
combined in the same way the temporally sampled
data are linearly combined by an FIR filter [7]. It is well
known that the passband and stopband ripples, as well
as the transition bandwidth, are the crucial aspects of
a typical FIR filter design problem. Likewise, the most
significant beam pattern characteristics are main
beamwidth, SLL, and null-to-null beamwidth. A narrow
transition width and low sidelobes beamformer are de-
sirable as the sharp transition impacts the spatial dis-
criminating performance, and the SLL determines the
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interference and noise removal capability. However,
designing an appropriate beam pattern with narrow
transition bands and minimal sidelobes using tradi-
tional FIR filter design approaches such as windowing
methods would require many sensors, resulting in high
cost and high computational complexities. Hence, the
objective is to achieve this with the fewest sensors pos-
sible.

Sparse array models distribute sensors optimally,
thus obtaining desired beamforming attributes while
lowering overall hardware costs and simplifying data
processing. There-forth, sparse arrays have received
much attention from system designers to save costs [8-
12]. In sparse array beamforming, interpolation tech-
niques are frequently used [5,13-15]. FIR filter design
techniques, such as Frequency response masking (FRM)
proposed by Lim [16,17] and interpolated FIR [18], have
lately been investigated to see if they may be used in
array processing [19-21]. Rosen et al. [22] recently pro-
posed beamformers with constant beamwidths based
on FIR. The primary idea behind this method is to ad-
just the effective array aperture to keep the beamwidth
constant over the specified frequency band. Although
this method has reduced computational complexity, it
cannot modify the sidelobe level.

This paper presents a framework for designing active
sparse linear arrays useful for radar/sonar applications
using Modified FRM (MoFRM) approach proposed in
[23]. This approach designs a pencil beam pattern with
a specified maximum SLL which allows it to discrimi-
nate between two objects in proximity and avoid in-
ter-cell interference. Owing to the low computational
cost and ease of implementation, this technology is
well suited for real-time digital beamforming scenarios
such as satellite and high-altitude platform systems
that need many array components.

The following is an overview of the structuring of this
paper. Section 2 provides a brief overview of the analo-
gy between the ULA and the FIR filter. The ModFRM ap-
proach for array pattern design is discussed elaborately
in Section 3. The design of the desired antenna radia-
tion pattern and the proposal outcomes are presented
in Section 4. Section 5 brings the paper to a close-by re-
viewing the benefits of the proposed ModFRM beam-
former and outlining future research prospects.

2. ANALOGY BETWEEN ULA BEAMFORMING
AND FIRFILTER

Beamforming is a method that confines a signal on
a specific receiving device as opposed to having it
spread out in all directions and also attenuating sig-
nals from other locations [24,25]. In the cases, when
the desired signal and interference are from the same
frequency band, temporal filtering is typically ineffec-
tive in separating the two. However, the targeted and
undesired signals are usually generated from differ-
ent spatial points. Using a spatial filter at the receiver,
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this spatial separation may be used to isolate the de-
sired signal from other interference. In the same way,
as temporal filter processes the data acquired across
a temporal range, spatial filter processes data gath-
ered over a spatial aperture. The magnitude response
of an FIR filter is analogous to the beam pattern of an
antenna array. Likewise, the sine of the direction of ar-
rival (DOA), sin 6, and the temporal frequency f, of the
FIR filter input have an analogy. The DOA refers to the
general direction from which a wave that is propagat-
ing typically arrives at a region where typically a group
of sensors are placed [26,27]. As ULA and the FIR filter
have a correspondence, a theorem that applies to the
FIR filter in the time domain will also apply to the ULA
in the space domain.

Incoming Signal

d= M2

M

H dsing

Fig. 1. Narrowband beamformer using ULA.

The frequency response of an N order FIR filter with
impulse response h(n) to a signal of frequency w is,

H(w) = X355 h(n)e " (M

The beamformer response for an N-sensor beam-
former with an aperture function b(n) is,

B(8,w) = ¥N=¢ b(n)e /Wn® 2)

where t,(6),0 <n < N — 1 is the propagation delay con-
cerning the first sensor. In a nutshell, the sine of the direc-
tion in a narrowband, linear equi-spaced beamformer is
the same as the temporal frequency in a FIR filter.

From the classical ULA beamformer depicted in Fig. 1, its
resemblance with the FIR filter can be better understood.

3. PROPOSED SPARSE ULA BEAMFORMER USING
MODIFIED FRM STRUCTURE

3.1 MODIFIED FRM STRUCTURE

Fig. 2 is the layout of designing a ModFRM filter. A
prototype filter, H (z) of lower order with an adequate
passband and transition width is modulated through-
out the spectrum for a set of bandpass filters covering
the entire range of frequencies. All of these modulated
versions are then interpolated by a factor L. The sum
of interpolated even modulated channels and the sum
of odd modulated channels plays the role of the H, (z"H
and H (zY)in traditional FRM [16]. The sum of interpolat-
ed even modulated channels is called even band-edge
shaping filter bank (even BES-FB) and the sum of odd
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modulated channels is called odd band-edge shaping
filter bank (odd BES-FB). The number of modulations
of the prototype filter has to be odd so that alternately
they can be added to form the even and odd BES-FBs.
Also, full spectral coverage by the prototype filter and
its modulated versions is ensured by the condition:

(m+D(p+¢)=2r 3)

where p and ¢ denotes the passband and stopband
edge frequencies of the prototype filter respectively.
The number of modulated filters, m must be odd such
that the frequency response occurs alternately when
the modulated filters are recombined. Therefore,

m=2p+1,p=0,1.2. (4)

Finally, the ModFRM filter is created by cascading the
even BES-FB and odd BES-FB with the masking filters
H, (z)and HMC(Z) respectively, as in Fig. 2.

The transfer function of the ModFRM filter can be ex-
pressed as [23]:

H(z) = [Ha,O(ZL) + Ha,Z(ZL)+- . +Ha,2p(ZL)]HMa(Z)
+[Ha,1(ZL) o Ha,3 (ZL)+- e +Ha,2p+1(ZL)]HMC(Z) (5)

where H,_(z") is the ¢ DFT modulated prototype fil-
ter interpolated by L. Equation (5) can be rewritten as:

H(z) = Xi_g Hapi(z") Hya(2) + 6
Eﬁlo Ha,2i+1(ZL)HMc(Z) ( )

where,
p
Z H,2:(z") represents the even BES — FB
i=0
1

Z Hgyi41(2z%) represents the oddBES — FB
i=0

Both the even BES-FB or odd BES-FB can be used to
determine the frequency response of the ModFRM filter
around the transition band. Accordingly, the masking fil-
ter design may be done in two ways as follows [23]:

Casel
Wp,Ma1 = @; WsMa1 = @; (7)
Wp,Mc1 = %: Wg Mc1 = 2p:3<p; (8)

Casell
Wp,Maz = %i Ws,Maz = p+L2(pi 9
WpMc2 = 2;,%; Ws,Mc2 = 3p:2(p1 (10)

For higher values of L, the masking filter's complexity
is significant, as can be interpreted from (15). Therefore,
the masking filters are built using the interpolated FIR
(IFIR) method [4], a simpler counterpart of FRM used
for designing narrow passband sharp filters. The IFIR
structure comprises two filters: the IFIR modal filter and
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the image-suppressor filter. For minimal multipliers,
the optimal interpolation factor, L_IFIR, is determined
as follows:

21

(1)

Lipir =

Wp,Mat®@sMa +\/27T(ws,Ma_wp,Ma)

b—

x(n) —>|

Fig. 2. Proposed ModFRM structure [23]

3.2 SPARSE ULA BEAMFORMER USING
MODFRM TECHNIQUE

Assume we know the source is in a specific area
between angles ¢1 and ¢2. So, we intend to create a
beamformer that receive signals from a range of ¢1 to
¢2 but attenuates signals from other directions. Math-
ematically, the directional response B (¢) is written as:

Bd(¢)={1 if ¢ <¢<¢,

0  otherwise (12)

As the main lobe width reduces, the number of an-
tenna elements increases, whereas the number of nulls
keeps growing. This will suppress a significant proportion
of interference, but the computational complexity of the
beamformer shoots up drastically. In this work, a Modified
FRM (ModFRM) architecture is suggested for designing
hardware efficient sparse ULA beamformers having sharp
beamwidth of better angular resolution. For the design of
spatial filters, three attributes are required:

«  3-dB main beamwidth in the direction of ¢0 of
the intended beamformer (and its associated
3-dB spatial frequency).

- Intended beamformer’s null-to-null main beam-
width in the direction of ¢0(and its associated
null-to-null spatial frequency).

- Theintended beamformer’s SLL.

With the ModFRM technique, initially, a prototype
beamformer is synthesized. It is then modulated and
spatially interpolated by an appropriate expansion
factor to increase the inter-element spacing. The even
and odd modulated versions of the prototype beam-
former that are spatially interpolated are subsequently
grouped to constitute the two spatial shaping filters,
namely, the even spatial shaping filter and the odd spa-
tial shaping filter. To reduce grating lobes that appear
due to changes in spacing, the beam pattern of spatial
shaping filters is cascaded with the spatial masking fil-
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ters (B,,, and B,)asinFig. 2. If the masking beamform-
ers are created using the IFIR approach, the antenna
components will be reduced even further. This is be-
cause IFIR decomposes the design of a sharper beam
pattern into the design of two spatial filters having be-
ampatterns of broader beam width. These two spatial
filters are modal beamformer and image-suppressor
beamformer, respectively.

When compared to the traditional approach, the
suggested method has the following merits:

«  The aperture functions of the ULA beamformer
formed with the ModFRM filter synthesis can
provide a very narrow main beamwidth and low
SLL.

« It can separate two closely spaced objects with
minimal elements, resulting in a considerable
decrease in the number of components utilized.

«  The main beam width and the SLL can be speci-
fied individually without making a trade-off.

Table 1. FRM subfilter parameters for narrow beam ULA synthesis.

FRM Subfilter 3-dB Beamwidth 3;:2:2:25"
1. Prototype Beamformer 5.8° 0.1696
2. Spatial masking filter, Ma 3° 0.0551
3. Spatial masking filter, Mc 3° 0.1116

4. DESIGN EXAMPLE

A ULA beamformer with a 3-dB main beamwidth of
1 at direction 90° (3-dB spatial frequency is 0.1116), a
null-to-null beamwidth of 3.5°(null-to-null spatial fre-
quency is 0.1384) and the desired SLL of -60dB is tak-
en as an example. In this work, the Dolph-Chebyshev
model is a popular weighting method used for pattern
synthesis [28, 29]. Using this model, uniformly spaced
linear arrays oriented to broadside with specified SLL
and null-null beam width can be established. The total
number of elements for desired beamformer design
using the direct-form FIR method is found to be 255.
To design the desired beam pattern using conventional
FRM structure, the 3-dB and null-to-null beamwidth re-
quired by the prototype beamformer and the spatial
masking beamformer are given in Table 1. The FRM
beamformer output is then given by Equation (13) [20].

y(n) = Ba(M$)Bina (@) + B-(M@)Brnc(P)  (13)

As seen from (13), the FRM beamformer is the sum
oHere, M represents the spatial interpolation factor
and B_(¢) corresponds the complementary spatial fil-
ter of the prototype beamformer, B (¢). In this scenario,
the prototype beamformer and the two spatial mask-
ing beamformers will require 216 antenna elements
(42+87+87). Table 2 lists the frequency specifications
for the various ModFRM subfilters and the correspond-
ing number of antenna elements required for the pro-
posed ModFRM beamformer synthesis. Thus, 157 an-
tenna elements (25+49+18+49+16) are sufficient for
attaining the intended beam pattern using the newly
proposed ModFRM technique. Fig. 3 shows the proto-
type beamformer and Fig. 4 is the IFIR modal beamform-
er for the design of spatial masking beamformer, B,, .
In Fig. 5, the modal beamformer of B, (¢) is spatially
interpolated and is masked with an image-suppressor
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Null-to-Null Null-to-Null No: of Antenna
Beamwidth Spatial frequency Elements
21° 0.3304 42
10.5° 0.1384 87
10.5° 0.1949 87

beamformer, according to the principle of the IFIR
technique. Similarly, the modal beamformer and the
image-suppressor beamformer of B, (¢) are designed.
Finally, the intended beamformer with a 3-dB main
beamwidth of 1° and a null-to-null beamwidth of 3.5°
is generated using Equation (5). The obtained ModFRM
beamformer is given in Fig. 6.

Beam-pattern (dB)

_100 1 1 1 L 1 1 L 1
0 20 40 60 8 100 120 140 160 180

Azimuth angle (degree]

Fig. 3. Prototype Beamformer

Beam-pattern (dB)

0 20 40 60 80 100 120 140 160 180
Azimuth angle (degree)

Fig. 4. Spatial modal filter of H, (2).
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Table 2. ModFRM subfilter parameters for narrow beam ULA synthesis.

3-dB
ModFRM Subfilter Beamwidth
1. Prototype 10°
Beamformer
Modal beamformer for spatial R
2. . 5.4
masking filter, B,
Image-suppressor beamformer for o
3. . . 15
spatial masking filter, B,
Modal beamformer for spatial o
4. . 54
masking filter, B,
5 Image-suppressor beamformer for 15°

spatial masking filter, B,

50

-100F

Spatially interpolated modal filter of HMa(z) 1

Beam-pattern (dB)

Spatial image supressor filter of HMa(z)

_150 1 1 1 L 1 1 ] 1
0 200 40 60 80 100 120 140 160 180

Azimuth angle (deg)

Fig. 5. Spatially interpolated modal filter and
image-suppressor filter for H, (z).

=

Beam-pattern (dB)
on
=

=
=

0 N 40 W

O VN (NS N N
Azimuth angle (degree)

Fig. 6. ModFRM Beamformer

As an outcome, a beam pattern with a narrow main
beamwidth (due to increased spacing) and low SLL (at-
tributable to the attenuation of the spatial masking
filter) is created without expanding the number of an-
tenna elements. To put it another way, using a spatially
interpolated beamformer allows one to lower the num-
ber of antenna elements while maintaining the same
main beamwidth and SLL as the classic beamforming
approach, which requires a more significant number of
elements. Furthermore, because of the wider inter-el-
ement separation, mutual coupling amongst antenna
elements can be reduced, which is an essential concern
in practicality.
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3-dB Null-to-Null No: of
A Null-to-Null n
Spatial . Spatial Antenna
Beamwidth

frequency frequency Elements
0.1157 36° 0.3843 25
0.3348 18.4° 0.4848 49
0.1116 50° 0.5051 18
0.2652 18.4° 0.4152 49
0.0884 50° 0.5283 16

5. CONCLUSION

In this paper, a ModFRM-based narrowband beam-
forming architecture is introduced. With this technol-
ogy, a beamformer may be designed to produce a sharp
beam with low SLL that can point to specific cells and
prevent inter-cell interference. Computer simulations
demonstrate that the proposed beamformer provides
a more directive main lobe with fewer sensor elements
compared to the sparse array beamformer designed us-
ing conventional FRM technique. Hence, the suggested
method may be used in a wide range of scenarios where
a sharp beam with low sidelobe level is required, which
otherwise demands a massive antenna array.
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